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AVAILABlE HEAT SINKS FOR PRa.rEC'l'ED UNDERGROUND INST.AU.ATIONS 


INTRODUCTION 


Bradley A. Peavy 
National Bureau of Standards 


All heat released within an underground installation during an 


emergency period must be absorbed by some suitable means to maintain 
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tolerable conditions. Some of the heat inputs include heat from electronic 


equipment, lights, electric motors, personnel, outside air, electric 


generating equipment, and air-conditioning equipment. Present indications 


are that rates of heat gain from these sources for military underground 


installations range from 4 to 15 million Btu/hr. 


In view of the possibility of being cut off from outside facilities far 


heat disposal, an adequate heat sink is required within a military under- 


ground installation tor use during an emergency period. 
As used herein, a 


heat sink is defined as a body ot great thermal capacity relative to the 


rate at which heat is to be furnished to it. The simplest type ot heat sink 


tor heat rejected from water-cooled equipment such as a Diesel engine, or 


from the condensers ot air-conditioning systeu, is a water-tilled underground 


reservoir initial.ly at a suitably' low temperature. Also, if the initial 


temperature ot the rock surrounding an underground installation is suitably 


low, it has an enormous capacity tor absorbing heat, although the rate at 


which it can accept heat is limited aDd decreases with time. However, if the 


entire facility is operated under normal or non-emergency temperature cODdi- 


tioue tor a considerable prior time, the rock surrounding an installation 


will be warmed and its effective capacity tor heat absorption~ be ...U 


at the time ot an emergency. A proposed special air-conditioning arr&~~geB~eDt 
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designed to reserve the heat-sink capacity or the surrounding rock will be 


outlined later. 


Since 19501 the National Bureau of Standards, under a working agreement 


with the Office of the Chief' of' Engineers, Department of the Arary1 bas been 


concerned with various problems dealing with heating and air conditioning 


ot underground installations. The ultimate obJective of' the undertaking was 
* 
to prepare a design manual on this subJect. 
The work included a survey, 


experimental studies in an actual underground chamber and other installations, 


and theoretical considerations of' the various heat transfer problems. 


EXPERIMENTAL INVESTIGATIONS 


The experimental and analytical problems completed in this study are 


briefly enumerated as follows: 


1. Beat ab&Ol]?tion by rock surrounding an underground installation. 


The main purpose or this investigation was to derive data on the rate of' heat 


absorption by the rock to determine the net heating or cooling loads for an 


installation. 


2. 
Heat flow f'rcm or to the rock surrounding outside air intake tunnels 


or shafts. The purpose was to determine the reduction, if' ~~ of' the heating 


or cooling load of an installation by the warming of' air in the winter or the 


cool.ing of' air in SUJIIIIer by the surrounding rock of' the tunnel. 


3. 
Heat absorption by rock surrounding an underground water reservoir 


used as a heat sink. The underground reservoir to be used for the disposal 


of waste heat during an emergency period was studied because of the evident 


vul.nerabil.ity of' outside cooling water services such as water mains and 


cooling towers. 


*The manual, EM lll0-3lt.5-45l1 entitled Heat1Dg and Air Conditioning of' 
Underground Installations, is available from the Of'tlce ot the Chief of' 
Engineers only to Government agencies. 
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4. Iced underground reservoirs. Methods of forming or distributing 


ice along the length of an underground water reservoir were investigated 


mathematically and experimentally. 


Figure 1 shows an underground chamber used to determine rates of heat 


transfer to the surrounding rock. The chamber was 100 by 35 by 10 ft, and 


was located 230 ft below the surface. For illumination purposes, rock 


walls were painted white with a cement water paint. Heat was supplied 


electrically to the recircUlated air system and numerous thermocouples for 


measuring temperatures were placed in the air and on and in the surrounding 


rock. 


Figure 2 shows the actual temperatures and heat input rates per square 


foot of projected rock surface area during a heating experiment in the under- 


ground chamber, and the values calculated analytically on the assumption that 


the actual chamber was a cylinder or a sphere of equal internal area. In 


this experiment, the chamber, initially at the rock temperature of 540,, was 


heated for six days at a constant rate of heat input, and thereafter heat 


was introduced as needed to maintain a steady air temperature of 750,. Means 


were established to decide whether a sphere or a cylinder is the best 


approximation to an actual chamber, and to correct the heat flux calculated 


for the assumed shape to yield that for the actual chamber. 


Figure 3 shows the temperature and heat input rate history of a 1.5 


million gallon reservoir during a test with an approximately steady beat 


iuput rate averaging 6.1 million Btu/hr. 
The reservoir, d&llllled at one eD<l, 


was 34 ft wide, 29 ft high, and 230 ft long, filled with water to a depth ot 


about 25 ft, and was initially at 500J'. Water was taken fran the bottom ot 


the reservoir and passed through heat exchangers where it absorbed heat, and 
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the warmed water was returned to the reservoir through spray nozzles to 


bathe the rock surface exposed above the water level. The warmed water, 


due to its lower density, tended to stay on top and to descend to lower 


levels only as colder water was taken from the bottom. 


Stratification accounts for the increasing lag of temperature rise of 


the water at increasing depths. Little rise occurred in the outgoing water 


temperature the first 52 hours. Then, the outgoing water temperature started 


to increase rapidly, and a corresponding rise therefore occurred in the 


temperature of the incoming water. Stratification again accounts for the 


subsequent period of slow outgoing water temperature rise, which is also 


reflected in the incoming water temperature rise, although these rates are 


modified by the changes that occurred in water flow rates. The test was 


terminated at 117 hours, when the average temperature of the water in the 


reservoir approximated 1010or. 


Average water temperatures taken from Fig. 3 are shown by the circles 


in Fig. 4. Curve A is a straight line showing what the water temperature 


history would have been if none of the heat bad been absorbed by the 


surrounding rock. 
Curve B shows the analytically-predicted water tempera- 


ture history. Tbe close agreement of the average water temperatures with 


the mathematical prediction is gratifying, considering the limited number 


of samples of the rock available for laboratory determination of their 


thermal properties. 


By means of a heat balance, it was shown that at 117 hours, the 


surrounding rock had absorbed about 11 per cent of the total heat added to 


the reservoir, thus increasing its useful lite by about 13 hours. It can 


be shown that for longer time durations, greater percentages of the heat 


added to the reservoir would be stored in the rock. 


ENGINEERING AND MATHEMATICAL CONSIDERATIONS 
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Circulation of outdoor air into and out of an underground installation 


to dispose of waste heat during an emergency is possible but not promising. 


Among the problems involved are the large size of airways, the power required 


to move the air1 and the possibilities of blast damage to the airway or 


interior equipment and of contamination of the air. 


However, air inside the installation ~ 
serve well as a medium for 


transferring heat to the exposed rock surfaces. 


For transporting heat from equipment heat exchangers to a heat sink 


such as a water reservoir, water is 1 of course, the obvious and best medium. 


During an emergency, the water in the reservoir is pumped to the heat 


exchangers and returned at a higher temperature. A portion of the heat 


added to the reservoir is conducted into the surrounding rock. 


If the heat input rate to the reservoir is constant, the thermal be- 


havior of the reservoir can be determined by mathematical analysis, which 


therefore provides a basis for calculating reservoir size. Solutions obtained 


by mathematical analysis, assuming the reservoir can be approximated by a 


cylinder of equivalent perimeter, have been evaluated by a digital computer. 


The results are expressed in the form of plotted functions of dimensionless 


variables involving time, the thermal properties of the rock and water, and 


the equivalent diameter of the reservoir. The importance of being able to 


calculate reservoir sizes accurately may not be too evident until it is 


realized that underground reservoirs with capacities up to 7 million gallons 


of water have been excavated for this purpose, and that the amount of exca- 


vation may be 30 per cent or more of the total excavation necessary. 


Table 1 shows reservoir sizes computed for a hypothetical problem tor 
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emergency durations of 6, 101 and 14 days. Also shown is the percentage of 


heat stored in the rock at the end of each duration. These percentages 


represent heat input rates of 2 million Btu/hr for 1.21 2.4, and 3·9 days 


in the three cases, respectively. These cases show that to design reservoirs 


where heat absorption by the surrounding rock is neglected can give 


considerably larger reservoir sizes than necessary. 


When the water in the reservoir reaches its maximum allowable tempera- 


ture 1 it can be passed through heat exchangers and wasted to the outside, 


to extend the period of operation under emergency conditions. For the design 


of reservoirs, consideration must be given to the fact that condensers of 


refrigeration systems used for air conditioning generally do not allow 


entering water temperatures higher than 1ooor. Temperatures above this may 


be damaging to the equipment, due to high compressor head pressures. 
On the 


other hand, heat exchangers of prime movers such as Diesel engines may allow 


water temperatures up to 16o9F or higher. Because of the difference in the 


allowable entering water temperatures, separate reservoir systems should be 


designed to accept heat from the two separate heat sources, although in 


some instances water being wasted from the air-conditioning reservoir and 


system can be passed also through the prime mover coolers on its way out,ide. 


An underground reservoir generally is open on one end only1 with a 


suitable dam, and should have provision for taking water from its lowest 


elevation and returning warmed water at the top. A suitable barrier should 


be placed above the dam so that water vapor from the warmed water will not 


be transferred to other parts of the installation. Reservoirs should be 


placed at the lowest elevation in relation to the tbe rest of the installation 


to prevent possible flooding. 
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A few engineering considerations will be useful aDd pertinent in relation 


to heat loads, heat sinks, and their interaction. For an average air- 


conditioning system, the coefficient of performance is about five. That is, 


to absorb one Btu, the required motor energy input to the compressors must 


be about 0.2 Btu. 
The mechanical and electrical efficiency of the power drive 


system from the prime mover generator to the compressor is on the order of 


8o per cent. Therefore, the energy required is about 0.25 Btu, but the heat 


losses of the drive increase the air-conditioning load by about 0.05 Btu. 


Thus, to effect one Btu of net cooling, 1.05 x 0.25 or 0.263 Btu must be 


used, and the heat that must be absorbed by the air-conditioning reservoir 


is 1.26 Btu. Further, since a good prime mover under load reJects to its 


cooling system an amount of heat approximately equal to its shaft output 


energy, the prime mover waste heat reservoir has to absorb about 0.25 Btu 


for each Btu of net cooling effect of the air-conditioning system. These 


approximate figures emphasize the great importance of restricting air- 


conditioning loads that require compressor operation during periods of 


emergency operation, either to reduce the heat·sink capacity required, or 


to stretch out the thermal stamina of a given heat sink installation. 


ARTDICIAL COOUNG OF RESERVOIR HEAT SINKS 


Cooling of the water in a reservoir by refrigeration during a non- 


emergency condition will maintain the water and surrounding rock at a 


temperature below its original value. This will allow more heat-absorbing 


capacity for the emergency period or a reduction in the designed size of the 


reservoir. If and as long as this water is maintained at a temperature below 


that necessary for accomplishing air conditioning (approximately 500,), it 


may be used directly in air-conditioning coils, and power would not be required 


to operate the refrigerating compressors for air conditioning during this time. 
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A practical ultimate in heat-storage capacity is to maintain a 


reservoir filled with an ice and water mixture. The latent heat of fusion 


of ice gives, for each pound of ice, the equivalent of about 1440, temper- 


ature rise of water. 
Considerable additional heat-absorbing capacity is 


provided by the nearby surrounding rock, since it also has been cooled down 


to about the freezing temperature of water. The design for such a reservoir 


demands consideration of the method of distributing ice along the length of 


a reservoir. A practical method appears to be to use ice in small pieces, 


distributed longitudinally in the reservoir by a helical screw located a 


few feet above the water level. 


Table 2, a hypothetical problem involving reservoirs intended for the 


waste heat from the air-conditioning system, indicates the advantages of 


reduced initial reservoir temperatures. Average deep-earth temperatures in 


most of the United States are between 42° and 12or, depending on location; 


in the first two examples, natural initial reservoir temperatures of 65° 


and 520, are assumed. 
The third column shows the size for a reservoir 


maintained at 4o'? 1 either naturally or by means of refrigeration during 


non-emergency conditions. A significant point in this case is that during 


an emergency, waste heat from the refrigeration compressors is not included 


during the first 10° temperature rise of the water. Also, the power-genera- 


ting equipment does not have to provide the power to drive the refrigeration 


cOBpressors during this period. The fourth column shows the size tor a 


reservoir maintained with a 4o per cent ice-water mixture by suitable ice- 


making equipment. 


l1riLIZATION CJI ROCK SURROUBDDG .AN INSTALLATION AS A BEAT SINK 


· J'or a number ot reasons (including need for a roof to protect against 


dripping water or spalling rock, subdivision of apace, privacy, and acoustics), 
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underground installations of the kind considered generally are designed to 


have an "interior structure" or enclosure built within each of the rough 


excavated chambers. 
The few feet of space between the interior structure 


and the surrounding rock are referred to as the "annular space." The 


figure of Table 3 illustrates a cross-section of a chamber with its internal 


structure. 


Assume that the internal structure is air conditioned during normal 


or non-emergency periods by the "cold plenum" system shown schematically in 


Table 3, with air {except for that exhausted as vitiated air) being discharged 


from the internal structure into the annular space through the cooling coil 


at the natural undisturbed rock temperature, T. The cool air from the annular 


space would be admitted into the internal structure at the top through 


diffusers, at the rate necessary to maintain the desired interior conditions. 


The non-emergency air-conditioning load would be equal to the heat liberated 


within the internal structure. 
Much more importantly, however, the large 


mass of surrounding rock would be kept at the relatively low temperature, 


T, and during an emergency would be available as a heat sink for the internal 


structure. 


Referring to Table 3, the rock is capable of absorbing heat for 20 days 


at the rate of 6.0 Btu/hr per square foot of proJected surface area, for an 


annular space air temperature rise to 75~ from an initial temperature of 


52'? {i.e., 23<?). For a typical installation, the ratio of annular space 


rock surface area to the floor area of the internal structure is about four 


to one. Therefore, for the 20-day case considered, the rock is capable of 


absorbing for 20 days an interior structure heat load equivalent to about 


24 Btu/hr per square foot or floor area, or 1 watta/sq ft. Heat liberation 


in many spaces in an underground installation, such as dormitories or offices, 
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may not exceed this figure, and such spaces could be cooled adequately 


during an emergency by the heat-absorptive capacity ot the annular space 


rock alone, without mechanical cooling during the emergency, and thus 


without imposing a load on the reservoir heat sink capacity ot the 


installation. For spaces with a greater rate ot internal heat liberation, 


mechanical cooling during an emergency would be needed, but the cool 


surrounding rock would serve to absorb a traction ot the heat load. 


For an underground installation in a region where natural deep-earth 


temperatures exceed 50° or 55C?, it may be desirable to cool the surrounding 


rock during the non-emergency period to put in store a greater heat sink 


capacity tor use during an emergency. This can readily be done by dis- 


charging the air into the annular space at the desired low temperature. 


The cooling of the rock would, of course, entail a greater cooling load 


for the cooling coil and refrigerating equipment during the non-emergency 


period. 


With the cold plenum arrangement, a moderate degree ot insulation of 


the interior structure is desirable to reduce excessive cooling of the 


interior by heat transmission through the structure. For this purpose, 


the thermal transmittance of the walls, floor, and root should not exceed 


0.2 Btu/hr ft2 o.r tor an internal structure with an iDterD&l heat load of 


approximately 7 watts/sq tt; tor a considerably greater heat load, insulation 


is not needed. 
The structure does not require a vapor barrier, since the 


air dewpoint is substantially the same on both aides. 


Use of the annular space as a cold plenum has the great advantage that 


it preserves and maintains--as an indestructible capital--the great heat- 


absorbing capacity of the surrounding rock for use in increasing the thermal 


stamina of an underground installation during an emergency period. 


FIGURES 


1. Underground chamber to determine heat transfer to rock. 


2. 
Heat input rate history, underground chamber test. 
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3. Temperature and heat input rate history: underground reservoir. 


4. Water temperature in.crease with time, underground reservoir. 


5. 
Required reservoir capacities for hypothetical emergency periods. 


6. 
Reservoir problems, air conditioning heat gain only. 


7. 
Rate of heat absorption in rock. 
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TABLE 1 


Required Reservoir Capacities with Heat Input Rate of Two 
Million Btu/hr, Reservoir Cross-Section of 20 ft by 20 ft 
and an Average Water Temperature Rise of 48°F 


Length of Reservoir, ft 


Water Volume 


Cubic Ft 


Gallon 


Heat in Rock, % 


Time of Emergency Period, DaY2_ 


6 


192 


76,800 
5i+,500 


20.1 


10 


302 


120,800 


903,600 


24.1 


_.e-lL_ 


405 


162,000 


1,211,800 


27.8 
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TABLE 2 


Hypothetical Problem Considering Air Conditioning Heat Gains 


Only - Reservoir sizes necessary for 30-day emergency period 


Air conditioning load 
= 2 x 106 Btu/hr 


Power required to drive refrigeration = 0.4 x 106 Btu/hr 


Total waste heat 
= 2.4 x 106 Btu/hr 


Highest permissible water temperature = lOOF 


Cross-section of reservoir 


Initial Water Temp., °F 


Length, ft 


Volume 


Ft3 


Gal. 


65 


1,280 


510,700 


3,820,000 


e 


= 20' high x 20' wide 


52 


931 


372 ,4oo 


2,786,000 


Reservoir water used in 
cooling coils until its 
temp. is 50F. 
Refrigera- 
tion equipment not used 


__ during this Reriod _ 


4o 


730 


292,000 


2,184,000 


32(40% ice) 


420 


168,000 


1,256,000 


e 
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Air flow 


Solid arrow - 
non-emergency 
Dashed arrow- emergency 


+ 


Internal 
structure 


75°F 


Cooling coi I 


.... -.------- 35ft 
Cross- section of tunnel- shaped chamber in rock 


Emergency 
time 
duration, 
days 


15 
20 
25 
30 


Heat flux 
btu/hr - sq ft of 
projected rock 
- surface area 


6.60 
6.00 
5.54 
5.20 
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Table 3- Average heat flux to rock in raising cold plenum 
air temperature from 52° F to 75°F 
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tT.riLITY PROBLEMS IN SUBMARINES AND THEIR RELATION TO UNDERGROUND CONSTRUCTION 


Commander William H. Cross 
u. s. Navy 1 Mare Island Navy Shipyard 


The design and construction of a submarine which operates hundreds of 


feet beneath the ocean's surface, completely isolated from the earth's atmos- 


phere, presents many problems. 
Same of these are similar to those which 


would be encountered in the design and construction of a land-based sub-sur- 


face facility which is to be completely isolated from the earth's atmosphere. 


The submarine is a large but very compact ship. During World War II 


the gross internal volume of the submarine was approximately 50,000 cu ft. 


Today our attack-type submarines have nearly twice that internal volume. Sub- 


marines such as those now being constructed to carry and fire the POLARIS 


missile are approximately three times as large or have a volume of about 


1501 000 cu ft. Submarines today go deeper, faster, farther, and thanks to 


nuclear power, can stay submerged many times longer than those in the service 


in World War II. The heart of the modern submarine is the nuclear propulsion 


plant consisting of the nuclear reactor and its associated steam generators, 


steam turbines for propulsion, and turbo-generator sets for generating elec- 


trical power. 


In addition to the complexity brought about by nuclear power, submarines 


today have a very large quantity of complicated electronics equipments. So- 


nar equipments provide the eyes and ears for the nuclear powered submarine 


that remains completely submerged nearly all the time while at sea. As wea- 


pons have become more powerful, so also the equipments needed to control them 


have become more complex. 


One problem in submarine design has remained unchanged, however. 
The 
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volume ot the submarine must be adequate to contain the equipment to be in- 


stalled but it cannot be oversized without paying a steep penalty in loss of 


speed, loss of endurance and increased cost. When submerged the submarine 


must be able to obtain neutral buoyancy. That is, the weight of the ship 


and all its equipment must equal the weight of sea water displaced by the 


hull envelope. Since the density of sea water is relatively constant at 


some 62-64 lb/cu ft, the submarine must be very compact. 
We cannot afford 


any waste space. Many spaces must be used for several purposes; for exam- 


ple, the torpedo room is also a bunkroom for part of the crew, the mess hall 


is also the crew's recreation center. 


Since the submarine, in its natural environment, is surrounded by sea 


water we do have the advantage of an excellent heat sink, but this same 


ocean brings many difficulties to the design and construction problem. 
The 


submarine hull and all the penetrations through the hull must be able to 


withstand the pressure of the external sea, which increases approximately 


1 lb/in2 with each 2 ft increment in submerged depth. This means particular 


attention to structural design and welding, and to the penetrations for el- 


ectrical cables, antenna coaxial cables, to the design of access hatches, 


penetrating masts and rotating shafts. The corrosive nature of seawater is 


another feature which forces the design to use special materials and gives 


the submarine operator real maintenance problems during the life of the ship. 


The modern submarine represents a series of engineering and military 


compromises. 
Speed, maneuvering, operating depth, quietness (to avoid 


detection by the enemy and to improve the performance of the submarine's own 


sonar) weapon effectiveness, habitability, reliability, and cost are all 


factors that have to be weighed and the best possible compromise reached in 


order to Obtain a balanced design. Once the overall boundaries of the sub- 


--- -- - - - - - - - - - 
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marine have been established by these considerations, the detailed design 


follows. 


When planning the utilities of a submarine, the designer must consider 


factors such as reliability, maintenance requirements, weight, space, heat 


loss, noise (both airborne and that which is transmitted through foundations 


and structure to the water), stand-by or emergency provisions and, of course, 


cost--both initial and ultimate. 
The final choice is 1 in many instances, the 


best compromise that can be reached and not a choice which is optimum all the 


way around. It is necessary, also,to use judgment in providing a system 


which will meet practical operating conditions and be adequate for emergen- 


cies but not overdesigned to fulfill unrealistic situations. 


First, let's look briefly at the utility systems on submarines and then 


we can discuss the design approach to one of these in some detail. 


Electrical Systems, The electrical output of the turbo generators on 


nuclear-powered submarines is 440-volt, 3-phase, 60-cycle power. This is 


used directly for all large motors such as the driving motors for pumps aod 


compressors and is transformed to lower voltage or converted through motor 


generators to 4oo-cycle or d.c. power for auxiliary purposes. Auxiliary 


power is fed to distribution panels in selected locations throughout the 


ship. 115-volt a.c. is used for fluorescent lighting throughout the ship. 


Interior communication and signal circuits as well as various control cir- 


cuits are fed from one or more separate switchboards which permits centralized 


control of most of the special power requirements. 


Auxiliary sea-water cooling systems are not pertinent to your problem 


but of course are used extensively on submarines. 


Fresh Water· for drinking, washing, cooking, etc., is obtained from sea 
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water by distillation. The distilled water is stored in tanks. Air is ap- 


plied to pressurize the tank aDd distribute water through the piping system. 


As a rule of thumb, the capacity of the dist1lling plant provides the fresh 


water required by the propul.sion plant, plus 20 gallons per man per d~. 


S&Ditary disposal is accomplished by draining showers, wash basins, 


toilets 1 etc. 1 to sanitary tanks. 
The tanks can be emptied by opening an 


overboard discharge valve and using air pressure to blow the contents over- 


board. 
The tanks are sized so that this evolution need be accomplished no 


more than once ad~. I don't expect that your problem will be this simple. 


Air Systems. The principal requirement for high-pressure air on sub- 


marines is to blow the water from the ballast tanks in order to attain posi- 


tive buoyancy and permit the submarine to operate on the ocean's surface. 


Air tor this purpose is stored in flasks at 3000 psi. To till this storage 


system, the submarine is equipped with two or more electric-motor-driven air 


compressors. 
The capacity of these is a function of the volume of storage 


banks which in turn are sized to allow the submarine to blow ballast tanks 


several times without recharging the storage banks. Air from this system 


is used at reduced pressure for many other purposes. I've mentioned blow- 


ing sanitary tanks and pressurizing the fresh water system. It is also used 


to transfer lubricating oil and hydraulic oil from storage tanks to operat- 


ing systems, in the torpedo firing system, tor certain propulsion plant fUnc- 


tions and some pneumatic control systems. Incidentally 1 during periods of 


long submergence the ambient pressure within the submarine builds up as a 


result of certain of these blowing operations which must be followed by vent- 


ing the tanks into the submarine, as well as by air leakage. To maintain a 


comfortable ambient pressure, the high-pressure air compressors are occasion- 


ally run submerged to bring the ambient pressure down by returning air to 


the high pressure storage banks. 
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I'll discuss the ventilation system in conjunction with air purifica- 


tion in a few moments. 


The hydraulic system on submarines is quite extensive and perhaps best 


illustrates the numerous problems faced by the designer. Hydraulic power is 


used to move the diving planes and rudder; to raise and lower periscopes, 


radar and radio masts; to motivate the many large valves in the ship's bal- 


last system, the trim control system, and the propulsion system; to motivate 


components of the torpedo tubes and missile system; and to actuate many 


other items ranging from the anchor windlass to the ship's air whistle. The 


system is in general based on the recognition that certain components, such 


as the rudder, represent a continuing demand which must be met by the pump 


capacity, while other functions, such as raising the periscope, are step de- 


mands which can best be met by the stored energy of the hydraulic accumulator. 


The designer must first consider the functions which require power ac- 


tuation and tentatively determine whether these can best be met by hydraulic 


power or by some other means such as electrical, electro-mechanical or pneu- 


matic motivation. Having reached some tentative determinations, he then con- 


siders these demands as "continuous"--which affect the pumping capacity of 


the system--or as "step" demands which affect the size of the accumulators. 


He now is prepared to picture the system in diagrammatic fashion, to roughly 


account for pump size, accumulator size and to approximate pipe size on the 


basis of estimated flow requirements and pressure drop. 


The designer now must select system pressure. In this choice, he must 


bear in mind space and weight requirements, heat loss, noise, reliability of 


components, ease of maintenanc~and cost. 
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Currently, we are using 3000 psi in most hydraulic systems, although 


in some ships a 1500-psi system has been found best suited. 


With pressure established, the initial assumptions are refined and he 


is approaching firm sizing of principal components. 
He may now find that 


some one function adds so much to the pumping demand that an additional 


pump is required. Since there are many advantages to keeping the several 


hydraulic pumps identical, this one function may represent a costly increase, 


particularly tram the space viewpoint, and so this fUnction will be re-examined 


tor possible operation in some other manner. Similarly, the designer must 


group the "step" demands in an intelligent fashion, keeping clearly in mind 


the normal and emergency operating conditions in order to arrive at accumu- 


lators of adequate size but not over-demanding in space and complexity. He 


may also find that the system pressure selected causes a difficult problem 


in designing certain of the actuators. This may occur when the maximum or 


minimum speed of movement of the actuated item is critical. It may be pru- 


dent to use another technique for actuating this item. 


Finally, he must weigh these several decisions against the ship as a 


whole and the overall operational requirements. For example, the lack of 


efficiency in hydraulic system design will add to the electrical load and 


the air-conditioning load. One noisy component may increase the range at 


which this submarine CS4~ be detected or may reduce the effectiveness of ~he 


submarine's own sonar system by raising background noise. The final selec- 


tion is always a compromise--hopefully always the best compromise. 


Now, gentlemen, a word about atmospheric habitability. 
By centuries 


of evolution, man has established himselt as a creature of the earth's sur- 


face at or near sea level. This is where he functions best. When he de- 


parts from this environment he soon finds himself in difficulty. 
He can con- 
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tiDue or proceed ODly vi th the aid ot external protectiYe dev-ices such aa 


oxygen supply on high-altitude flight or helium-oxygen tor deep-sea diving. 


The standards tor submari.Des have been established a:tter review and ev&lua- 


tiOD ot all available evidence and represent a consensus at the beat medical 


lliDds 1D the country 1D relation to the particular problem. These coosti- 


tute ao informed estimate at that level ot contamination which v1ll not ad- 


veraely iJI.pa1r health nor cause an unacceptable reductioo 1D performance. 


All auch at&Ddarda are interill standards aDd represent a cQaprCIIiae between 


what ia clearly feasible :f'r<lm an engi.DeeriDg viewpoint and what appears de- 


sirable trca the standpoint at health and performance. 
The ultia.te goal ia 


a respirable atmosphere as tree ot conta•1ution aa ambient air. 


Ambient air at aea baa an oxygen content at 20.9 per cent. The cur- 


rent leYel tor oxygen 1D su~iDea ia 20 to 17 per cent, but the goal should 


be to maiDtaiD 20 per cent oxygen as long as possible. Except iDe~ 


e•rsency the ox;ypn should not be allowed to tall below 17 per cent. 


Ambient air at sea baa 0.4 per cent earbOD dioxide. EZpert.enta ha9e 


shown that ao elevatiOD to 1 per cent is acceptable 1 but the goal should be 


to •1Dta1D leas thaD 1 per cent as long as possible. 


Allbient air at sea baa no carbon JDODOXide. 
The current submarine stan- 


dard is to aintaiD leas thaD 25 parts per aillion. 


Until the advent o:f' rmel.ear paver the ab111ty o:f' a au.bmariJle to reiiB1n 


ca.pletely auaerged was l1m:l.ted. by the energy atoraae capacity of her lead- 


acid storage batteries. Except in rare instaDCes, the mbmarine had cOllplete:cy 


expeDde4 batter,' enercy bef'ore lack o:f' ~en or excess o:f' carbon 41ozide 


becae a critical probl.ell. It was then necessary f'or the subllar1De to aur:taee 


or uae the SDOrkel to obtain air neceasar;y f'or COIIbustion in dieael-a.ri Yell 


ceneratora. Bence, atmoqberic habitab1l1ty Ya8 DOt a seriou.a probl.e.. 
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It vaan •t until. nuclear power came along, however 1 that the real prob- 


leu ot -.1Dta1D1Dg a aatiatactory at.oapbere in a submerged sut.ar1De tor 


periods on the order ot 30 da;ys were attacked. At the present tilDe, the OD• 


ly consideration lild.tiDg the period ot subllerpnce ot a nuclear-powered su'boo 


.riDe is our ability to .aintain aatiatactory ataoapheric babitabil.ity. 


You have all read in the raevapapers that 1JSS Skate aDd tJSS Bautilus both re- 


-.1Ded sublaerpd tor periods 1D excess at 30 da;ys aDd that USS Seavolt vu 


aubalerged tor 6o d81'S• 


The principal tactor lild.tiDg aubllerged eDdvance 1D these ships vu 


the ability to replenish ~gen. The earlier nuclear-powered subllar1Des car- 


ried a large quantity ot gaseous ~pn stored in tlaaks at high pressure. 


Such a systea is costly trc. the weight and apace viewpoint. 
The lavy baa 


devel.oped an oxygen geDerator uaiDg the principle ot electrolysis, which 


v1l.l enabl.e us to generate oxygen trc. distil.led water. 
Such units are being 


installed 1D au~1Des currently UDder construction. This .eus that ~geD 


will no longer be the controlling itea ot at.oapheric habitability &Dd the 


ceil.iDg ot subllerged endurance v1ll be rai-.ed another notch. 


Figure 7 shovs a diagr-.tic representation ot the ventilation aDd air 


pvitication systea we are nov prOYidiDg 1D nuclear-powered su~1Des. ID 


geaeral tel"ll81 it consists ot a .ean ot drav1Dg a1r tram the extreai ties ot 


the ship and pusiDa it through certain puriticatica equipment which I v1ll 


describe l.ater. Circul.ation ot a aall. portion ot the total vol.'UIIe ot a1r in 


the aut.ar1De on a continuing basis is sufficient to -.1Dta1D the desired de- 


gree ot purity. In addition to this cwerall circul.ation systea, the toper- 


ature ud hula1d1 ty control in the MYeral areu ot the aut.ar1De are -.1D- 


ta1Ded by 1Ddividual recircul.atiOD aysteaa. '!'he oxnen generator is desiped 


to be operated continuously vh1le the aubaar1De is au-.rpd, and the output 
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at this unit has been sized to replenish the oxygen consumed by the person- 


nel on a continuing basis. The one undesirable product at this process, 


namely, hydrogen gas, is forced into the solution with sea water and car- 


ried overboard. During the periods of start-up and shut-down, the entire 


system must be carefully blanketed with nitrogen to minimize explosive haz- 


ard. In the application you are considering here, since distilled water 


is not readily available in quantity 1 a more satisfactory solution will 


probably be to provide gaseous oxygen stored at high pressure. 


The problem or maintaining an acceptable concentration at carbon dioxide 


has been solved by a co2 scrubber. 
The co2 scrubber is a regenerative 


05 closed system whose operation is based on the fact that a cool amnine so- 


lution readily absorbs carbon dioxide while a hot amnine solution gives up 


part at its carbon dioxide content. The amnine solution used in our scrub- 


bers contains Monoethanolam1ne1 a chemical compound derived traa an ammon- 


ia base. In the purification cycle, air containing C02 is drawn from the 


ship's atmosphere and passed through an absorber tower wbere it is sprayed 


with cool amnine. 
The air is then washed vith fresh water and sodium-bisul- 


phate, to remove amnine vapor, and returned to the ship's ventilation system. 


The amnineJ which has now absorbed co2, is heated in the stripper tower. Am- 


nine and water vapor and C02 are given art and these are then passed through 


a cooler where the vapors are condensed. The remaining C02 gas is compres- 


sed and discharged overboard. 
As in the case ot the oxygen generator, this 


unit is run continuously while the submarine is submerged and is sized to 


maintain the submarine atmosphere at less than 1 per cent co2 on a continu- 


ing basis. As standby equipment for the co2 scrubbers, we do carry an emer- 


gency supply ot pelletized lithium bydroxide. This chemical is contained in 


sealed canisters each about the size at a large loaf at bread. When required 
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tor use, the ends at the canisters are opened and several canisters placed 


in a hopper. A small ventilation f'an would then take air from the ship's 


atmosphere and pass it through the open canisters. Experience has shovn 


that approximately 1/10 lb of' lithium hydroxide per man per hour would be 


required to maintain a satisfactory level of' co2• In your application, it 


may well be more expedient to provide a large supply at a chemical such as 


lithium hydroxide, rather than to utilize a regenerative-type co2 scrubber. 


Three other equipment& are used to maintain pure air in our nuclear- 


powered submarines. 
One is known as a hydrogen and carbon monoxide burner. 


The co2 removal technique will not handle the carbon monoxide problem, and 


submarines have long had a problem with hydrogen gas which is given of'f' by 


the lead-acid storage batteries during the charging cycle. The hydrogen 


and carbon monoxide burner is simply a unit which heats the ship's air and 


passes the heated air through a catalyst bed where oxidization occurs. The 


outcoming air is then cooled to condense water vapor and passed over a lith- 


ium hydroxide bed to absorb carbon dioxide before returning to the ship's 


atmosphere. 


Another item is the electrostatic precipitator which is used to remove 


grease, smoke and other fine particles which are suspended in the air. The 


precipitator consists at plates charged to high voltage with direct current 


to attract dirt and grease particles. The plates are removed at intervals 


and washed clean in the galley sink. 


Another item of' the system is a charcoal filter bed. This is princi- 


pally f'or the purpose at removing odors tram the air. In some installations 


we have provided a single large bed of' charcoal, while in others we have 


spread it around through the ventilation system in convenient locations. 


Charcoal filters are also installed 1D the sanitary tank vents and in the 


ventilation recirculation system in lavatories. 
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In order to insure that the atmosphere in all compartments of the sub- 


marine is being maintained in a satisfactory condition, we have a centrally- 


located atmosphere analyzer. This unit, through small tubing, can take a 


suction from any compartment in the ship and analyze the content of this air 


for oxygen, carbon dioxide, carbon monoxide, hydrocarbons and the presence of 


freon or phosogene gas. 


In addition to maintaining the proper purity of air, submarines are al- 


so designed to maintain an effective temperature of 78P F or less in all liv- 


ing and control spaces. This condition is further defined as 85° dry-bulb 


and 50 per cent relatiYe humidity. This is the design condition for living 


in control spaces, but not for machinery spaces where we have a large quan- 


tity of steam machinery. For the purposes of heating and cooling, the nu- 


clear submarine is di'Yided into zones which are serYiced by separate loops 


since they represent a particular type at heating load. The recirculating 


system for each of these zones consists of a fan taking suction across a 


cooling coil and discharging through an electric heater before returning the 


air to the ship. The cooling coil is controlled by a humidistat and a ther- 


mostat while the heating coil is 1 of course 1 controlled only by the temper- 


ature in the zone. It is evident that when the ship is surrounded by cold 


water, the cooling required to maintain a proper relatiYe humidity must, on 


occasion, be supplemented by heat in order to maintain proper temperature. 


The number of recirculation zones is a function at the particular arrange- 


ment within the ship and the nature at the equipment located in the several 


areas. 


For many years the :lavy has faYored chUled-vater cooling coils for 


shipboard Yentilatioo rather than the direct expansion of freon. 
The freon 
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refrigeration piping is therefore limited and localized. This prOYed Tery 


important in atmospheric habitability because freon,when in contact with hot 


surfaces, gives ott phosogene gas. 
We are taking pains to make the freon sys- 


tem absolutely tight. 


Many other gases and chemical products were at least a matter ot con- 


cern to the medical people. Experience has proven that these either are not 


generated in significant quantities or are removed to an acceptable exterrt 


by one or the systems discussed above. 


A lot has been said and written about the interior decoration features 


of nuclear submarines. I'm sure I don't need to emphasize the importance ot 


this aspect or habitability. We have done a great deal to make the living 


spaces aboard submarines more attractive, useful and practical. 


Before closing, I would like to mention briefly a technique that has 


become quite prominent in submarine design and construction. When one is 


trying to achieve the best arrangement ot a lot of equipment in a small 


space, we have found it necessary and profitable to resort to mock-ups. For 


design purposes, ve are using 1/4 scale--quarter of full size--mock-ups to 


achieve optimum utilization or space. This mock-up is located convenient to 


the designers and is fabricated in sections which can be moved apart for 


better accessibility. 
The degree of detail represented is a function ot the 


critical nature of the arrangement in a particular area. All maJor runs ot 


piping and wiring are represented, however. Plastics are used quite exten- 


sively. 


Completely separate tram this 1/4-scale mock-up, which is principally 


a design tool, ve utilize a full scale mock-up, constructed principally at 


wood, to aid the production personnel in the assembly of complicated or con- 


fined areas. Ji'or example, piping bends can be templated in an accurate mock- 
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up and the fabricated pipe checked, thereby relieving the congestion in 


crowded spaces during ship construction. 


FIGURES 


1. Artist 1 s cutaway view, USS Nautilis 


2. Artist 1 s conception, USS Scamp 


3. 
Arrangement of compartments and tanks, USS Scamp 


4. 
Launching of USS Sargo, Mare Island 


5. 
Factors in Submarine utility Design 


6. 
Submarine Utility Systems 


7. 
Typical Air Distribution Scheme, Nuclear Powered Submarines 


8. 
Torpedo Room, USS Grayback, 1/4 scale model 


9. Missile Checkout and Berthing, USS Grayback, 1/4 scale model 
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10. Ship 1 s Inertial Navigation System Space and Berthing, USS Grayback, 


1/4 scale model 


11. 
USS Halibut, view through topside hatch into missile hangar, at 


Regulus I missile, showing its support or shock-mitigation system. 


Fig. I 


Fig. 2 
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C<>MICiTS ON ELECTRICAL POWER SUPPLIES FOR UNDERGROUBD SHELTERS 


John Ruth 


The RAND Corporation 


Ist me pretace Jq remarks by saying that Jq background lies pri-.rily 


in the field of power supplies tor space vehicles. Consequently, in ao- 


ceptills an invitation to speak at this conference I tried to im;press upon 


its organizers the f'act that I am almost completely unf'amiliar with their 


research. 
I 1111st therefore begin by discuss iDs those properties that I 


would consider higb.ly desirable f'or a civilian shelter power supply. 


1. :rt should be capable of' standing idle tor long periods without 


becomi.Dg incapacitated or hard to start. 


2. 
:rt should be capable of' operation by untrained personnel. 


3. It should be relatively insensitive to shock. 


4. 
:rt should not produce obnad.ous :f'umes. 


5. It should DOt present a heat removal problem. 


6. 
The output 111118t be in a suitable f'orm; i.e., preferably 110-V AC 


at 60 cycles. 


Aside f'rom aoae very special circUliStancea such as an undergound 


shelter uear a D&tural. source of' steam., we will be 11aited to chemical or 


nuclear ayst_.. starting with ehaical ayst .. 
, the old atam\-by' a are 


diesel engines and turbo-geaera.tors. Neither can Erely be lett standing 


idle and wqJrO'tected tor lcmg perioa. and then be expected to start at 


the push of a button. 
However, they llight tor eDIQI)le be protected by a 


nitrogen atmosphere. 
Otherwise, they DIU8t be run fairly o:tten.. 
AlVODe 


interested in this subJect ll1ght prof'i tably look into Navy ..thods ot mtb- 


bal 1 1 ng ah1ps. 
I would feel quite certain that either turbo-generators or 


diesel-driven units could be deaiped and JIIIOU.Dted to withstand fairly 
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severe earth shocks. 
I would be less certain about the ability of non- 


mechanics to start and operate either and, as a dweller in the Los Angeles 


basin, I am reminded almost daily of the noxious and dangerous fumes that 


can arise from the use of hydrocarbon fuels. 


An alternate scheme would be to use batteries. Veey long shelf lives 


could be anticipated by utilizing primary cells in which the electrolyte 


is not introduced until just prior to usage. ( l) One of the better conven- 


tional electro-chemical systems is the silver-zinc cell, capable of 


delivering about 50 watt-hours per pound. 
There are no fumes to be vented, 


amateur operation is quite feasible, and again shock should be no problem. 


Also, in all common electrochemical systems the free-energy and heat of 


the reaction are very close.< 2> This merely means that little heat is 


normally generated in the discharge of a battery (almost all will arise 


from irreversible ohmic losses). However, a primary cell can be tested 


only at the expense of some of its ultiate capacity (and destruction of 


the automatic activator), and low-voltage DC may not be directly applicable. 


If the latter is true, static transistorized inverters are now available 


and exhibit efficiencies of the order of 8o per cent.(3) 


Another perhaps less familiar type of battery is the so-called hydrogen- 


oxygen fuel cell. ( 4) This is a battery-like device in which the electrodes 


behave electrochemically as if they were made of hydrogen and oxygen. 


Such a concept is not at all new, having been discussed by Ostwald at the 


founding of the Electro-Chemical Society. However, reduction to a practical 


device is a fairly recent achievement. Hydrogen and oxygen are introduced 


to their respective electrodes (made of some inert material such as carbon 


or platinum), where they are ultimately adsorbed on the surfaces. 
The 
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overall cell reaction, 2112 + o2 ~ '211.20, proceeds in the presence of an 


alkaline electrolyte. Essentially the cell produces an inverse electrolysis 


with about ~ 
of the beat ot the reaction appearing directly as electricity. 


The electrodes and electrolytes remain unconsumed, the energy coming from 


the consumption of feed gases stored in separate tanks (up to about 300- 


watt-hours per pound of feed gases plus containers is currently attainable). 


There are no fumes, the only product of the reaction being water. 
As com- 


pared with ordinary primary cells, fuel cells offer considerably greater 


energy storage capacity. However, there is a definite heat rejection prob- 


lem, and the vide flammability limits of hydrogen may make storage risky 


in an area subject to shocks. 
In theory, other gases can also be combined 


electrochemically, but only the reaction using quite pure H2 and o2 has 


as yet achieved any practical success. 


Let us now turn to nuclear energy- sources. 
Here ve have a choice be- 


tween isotopes and reactors. 
I am going to dismiss the former by merely 


pointing out that there will probably never be enough radio-active waste 


material to warrant considering 1 ts use on any really large scale. Re- 


garding the latter, a reactor has the obvious advantage of a very long lite- 


time. 
A reactor can be quite compact and sate, and shielding should not 


pose too great a problem. However, a reactor is basically a source ot heat 


and it ve use any of the conventional conversion schemes (turbines, etc.), 


ve again have need tor special storage, etc. However 1 there are direct- 


conversion schemes under development which might eliminate altogether the 


need tor moving parts. 
I refer to the possibility ot using a homogenous 


reactor with either thermocouples or thermionic converters. One ot the 


pri.JIIe proble• with such a system would be that ot heat rejection. 
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In conclusion, I would say that development of an altogether suitable 


stand-by electrical power source for underground shelters must first await 


specification of "ground rules" on types of operators, frequency of testing, 


etc. Secondly, one must consider in some detail problems of heat rejection 


and venting of waste products. 
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MR. PEAVY: 
Have you compiled anything for the amount of space needed 


for this type of battery that you are talking about? Space is quite a 


thing underground. 


DR. m.JTH: 
The third slide showed volume figures for some of the 


typical battery types. For the fuel cell itself, the volume figure would 


be quite comparable to a diesel generator. The storage problem of the 


gases is a 1i ttle bit sticky. 
Of course, depending on the pressure used, 


the volume would vary; but it would certainly be larger than for ordinary 


diesel fuel, for example. 


MR. WIU.IAM w. PLEASANTS (RCA, Moorestown, New Jersey): 
Can you tell 


us what is the largest installation now operating on this electrochemical 


cell? 


DR. m.JTH: 
Fuel Cell? 


MR. PLEASANTS: 
I believe the last thing you recomnended was an elec- 


trochemical cell. 


DR. HUTH: 
What I said at the end was that I thought the electro- 


chemical system would look good for this operation. In particular, I 


mentioned the silver-zinc cells. 


MR. PLEASANTS: 
What I'm wondering is are there any sizeable install&- 


tiona now operating? 


DR. HUTH: 
I think so, but not for this application. The largest 


application of the batteries that I would know of offhand would be in 


submarine batteries, which are quite large. 
I would presume these things 


would certainly be delivering kilowatts for several hours. 


-------- 


PRIMARY ENERGY SOURCES 


TYPE 
ENERGY RELEASE 
E, FRACTION OF 


CALORIES/gm 
ANNIHILATION ENERGY 


CHEMICAL 


ERGS/gm 


( HYD-OXY) 
1.33 X 10 
11 
3.19 X 103 
1.48 X 10- 10 


SUPER-CHEMICAL 
2.2 X 1012 


{H+H-H2) 
5.25 X 104 
2.45 X 10-9 


NUCLEAR FISSION 
7.1 X 10 17 
1.69 X 1010 
7.9 X 10-4 


THERMONUCLEAR 
3.6 X 10'8 
8.6 X 1010 
4 X 10-3 


MATTER ANNIHILATION 
9 X 1020 
2.14 X 10 13 
1.0 


SOLAR 
3:3 X 102 
CALORIES 
I 
SQ METER 
SEC 


Fig. 


ELECTRICAL POWER SOURCES 


CHEMICAL 


DIESEL-GENERATOR 
TURBO-GENERATOR 
BATTERIES 
FUEL CELLS 


NUCLEAR 


ISOTOPE 
REACTOR 


Fig. 2 
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ELECTROCHEMICAL SYSTEMS 


TYPE OF CELL 


LEAD-ACID 


NICKEL-CADMIUM 


ZINC-SILVER 


HYDROGEN-OXYGEN 


LIMITING 
THEORETICAL 
PERFORMANCE 
(WATT-HR/LB) 


75 


92 


176 


1700 


CURRENTLY 
AVAILABLE 


PERFORMANCE 
(WATT-HR/LB) (WATT-HR/CU IN.) 


15 


15 


60 
3 


300 
4.5 


Fig. 3 


PERFORMANCE CHARACTERISTICS OF A 


SEALED NICKElL-CADMlUM CELL 


10 .-------------:::;;t>"'-------.1.2 


8 
0.8 


WATT-HR 
WATT-HR 7 
PER LB 
0.6 
PER 


CUBIC IN. 


5 


4L-~~~~~~~~~~~~~~~o 
I 
10 
102 
103 


TIME (MINUTES) 


Fig. 4 


II 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 


FUEL- CELL 


Fig. 5 


SPECIFIC POWER OF PURE ISOTOPES 


SPECIFIC 
SPECIFIC 
POWER OF 
POWER ·oF 


ISOTOPE 
PURE 
ATTAINABLE HALF-LIFE 
SOURCE 
ISOTOPE 
ISOTOPE 


(WATTS/LB) 
COMPOUND 
(WATTS/LB) 


STRONTIUM 90 
421 
42.5 
28 YEARS 
FISSION PRODUCT 


PROMETHEUM 147 
157 
24.2 
2.6 YEARS 
FISSION PRODUCT 


NEUTRON 
POLONIUM 210 
6.4 X 104 
138 DAYS 
IRRADIATION 
OF BISMUTH 209 


ESTIMATED FISSION PRODUCT POWER FROM 
NUCLEAR POWER INDUSTRY 
CUMULATIVE 
APPROX TOTAL 


YEAR 
INSTALLED 
BETA AND GAMMA 


REACTOR POWER 
BY-PRODUCT POWER 


(MEGAWATTS) 
(KILOWATTS) 


196~ 
3,600 
2,000 


1975 
84,000 
50,000 


Fig. 6 
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UTILIZATION OF ISOTOPE POWER (A) 


RADIATOR (ALUMINUM) 


THERMOCOUPLES (40) 


POLONIUM 210 (32 GRAMS) 
IN A METAL CYLINDER 


STRONTIUM 90 
EMBEDDED IN GOLD FOIL 


ALUMINUM COLLECTOR 


POLYSTYRENE 
INSULATING MEDIUM 


Fig. 7 


HALF-LIFE PERFORMANCE 
(138-DAY DRAIN-RATE) 


320 WATT-HRS/LB 


750 MILLIVOLTS 
OPEN-CIRCUIT 


HALF-LIFE PERFORMANCE. 
(28 YEAR DRAIN-RATE) 


0.2 WATT-HR/LB 


I WATT-HR/CUBIC IN. 


DELIVERS 50 X I0-12 


AMPS AT 104 VOLTS 


DIRECT CONVERSION REACTOR 


OUTPUT 


Fig. 8 


THERMOCOUPLES 
OR THERMIONIC 
DEVICES 


COlLECTIVE PROTECTION AGAINST CHEMICAL, BIOLOGICAL 
AND RADIOLOGICAL WARFARE AGENTS 


J. C. Letts 
Protective Construction Branch 


Office, Chief of Engineers 
u. s. Army 


R-341 
3-26-59 
555 


The requirement for ventilation air in underground structures and the 


protective aspects of obtaining this air is the subject of this paper. 


However, to discuss this subject we must consider the over-all problem of 


obtaining maximum protection of structure interiors and its occupants against 


the infiltration or migration of contamination. It is also advisable to con- 


aider all types of contamination that could affect the occupants and the mis- 


sion of a structure and not just the obvious and current hazards of radio- 


active fallout. 
From the viewpoint of the mechanical engineer, the hazards 


of fallout are the simplest to combat, as it is readily detectable With proper 


instruments and easily removed from the ventilation air. The more modern 


nerve and sensory chemical contaminants are more difficult to detect and 


remove from the air, and the biological contaminants are not detectable by 


instruments. It is only the strict wraps of security and the newness of 


the nuclear weapon that has placed fallout in the forefront, and chemical 


and biological agents in the background. It would be taking the "ostrich" 


approach to the problem to neglect the chemical and biological effects. 


The problem of providing protection against chemical, biological and radio- 


logical airborne contaminants involves not only air filtration but also person- 


nel decontamination facilities, internal pressurization, air conservation, instru- 


mentation and, most important of ali, related operational procedures. Let us 


go over this one point, which I feel is most important, namely, operational 


procedures. It is one thing for the designer to know why he installs certain 
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equipment but it is another thing to assume that the occupants and operating 


personnel will understand the purpose of such equipment. It has been found, 


in many instances where protective structures have been visited, that re- 


sponsible operating personnel had no idea what these "big boxes" {the filters) 


are for or why such narrow corridors with showers were placed at the entry 


of the structure. This fact is brought out only to stress that the respon- 


sibility for educating the occupants of a protective structure lies with 


the designer. Currently this is being done by preparing an operational 


procedure at the time that designs are prepared. 


Let us now turn to the physical requirements of a protected structure. 


First, it is essential that a continuous supply of filtered air be 


introduced into the structure. This is essential to the prolonged occupancy 


of the structure and is required for developing an interior pressure of 


approximately 1/2 inch of water to reduce the possible infiltration of air- 


borne contaminants and to provide a means of controlling the outward flow 


of air through decontamination chambers. The filtration of air is accom- 


plished with special filter units developed and produced by the Army Chemical 


Corps. These filters are comprised of two parts, one of which filters out 


particulate radioactive fallout materials and biological warfare agents. 


The other retains and neutralizes chemical warfare agents. These will 


normally be procured as a single un1 t assembled in a plywood housing. The 


capacities and weights of these combined units are as follows: M-14, 


600 cfm, 310 lbs; M-15, 1200 cfm, 570 lbs; M-16, 2500 cfm, 1090 lbs; and 


M-17, 5000 cfm, 2240 lbs. The size of these units ranges from 2 ft square 


by 3 ft long to 4 ft square by 5 ft long. 


The resistance of these filters at their rated capacities is three inches 
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of water, but five inches of water should be used for design purposes. 
Due 


to the bulk and excessive weight of these filters, ample space and special 


handling equipment is required for their installation and ultimate replace- 


ment. In an effort to localize the potential hazards resulting from the en- 


trapment of radioactive particles in the filter, it is advisable that these 


units be placed in an area away from personnel activity. Also, these filters 


should be located near an exit in order to reduce the hazard of contaminating 


the occupied areas of the structure when the filters are removed from the 


system for replacement. It might be well to mention in passing that these 


filter units cannot be installed in a vertical position, as might be desired, 


in an effort to conserve floor space. This positioning limitation is due to 


the charcoal bed configuration within the gas filter unit which may permit 


the charcoal to settle, allowing air to bypass the charcoal at that point. 


However, in an effort to conserve space and also reduce maintenance, it may 


be permissible to separate the particulate filter from the charcoal filter. 


I use the expression "it may be permissible" solely because we have never had 


an occasion to do this and have not discussed it with the Chemical Corps, the 


agency which has primary responsibility for the filters. This separation of 


filter components would permit the replacement of the particulate unit with- 


out need of replacing the more expensive and bulky gas unit. Consequently, 


it is worthy of consideration. A simplified ventilation system containing 


the CBR filters is illustrated by Fig. 1. It will be noted that this system 


has a means of obtaining ventilation air without passing through the filters. 


This bypassing was at one time considered advisable in order to conserve 


filterso 
However, modern concepts of warfare are reducing warning time to 


such an extent that no time is available for changing from unfiltered to fil- 
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tered air. This factor, together w1 th the undetectable characteristics of 


biological contaminants, makes it advisable to filter ventilation air at 


all times. 


Figure 2 illustrates the personnel decontamination facility. This is 


a dual facility primarily designed for male and female personnel. The physi- 


cal size of the decontamination facility and the requirement for duplica- 


tion will be dependent upon the type of structure, the mission to be accom- 


plished1 and the number of persons that may utilize the facilities during 


any one period. This decontamination facility is basically a development ot 


the Chemical Corps and is a result of numerous tests of personnel contamina- 


ted with a biological simulant. The cross-sectional area of the undressing 


and showering area is 3 ft by 1 ft 1 which has been determined as adequate 


space for undressing, while at the same time reducing the quantity of air 


needed for scavenging this area. This quantity of air is approximately 4oo 


cfm and is obtained by maintaining a differential pressure of 1/10 inch of 


water across the membrane doors. In the absence of detection equipment for 


BW contaminants it was necessary to determine a time in which washing with 


soap would safely decontaminate an individual. This time was established 


as three minutes, assuming a shower having a waterflow of five gallons per 


minute. If individuals can be monitered1 as with chemical and radiological 


contaminants, undressing and showering may or may not be necessary, yet the 


facilities are available. This, together with an allowance of three minutes 


each for undressing and redressing, would permit an entry time of nine min- 


utes per person. 


The membrane door illustrated in P'ig. 31 also a development of the 


Chemical Corps, provides a means of entry through a minimum opening1 and al- 
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so permits an outward flow of air over the entire cross-sectional area of 


the decontamination chamber for scavenging. This door is generally as shown 


here and is made of a rubber-nylon mesh, better known as girdle material. 


These points are covered in detail in Engineering Manual 1110-345-461. 


Internal pressurization is also a requirement in protected structures, 


partly to offset infiltration. While there is a lesser infiltration prob- 


lem in underground installations, pressurization is still essential in such 


facilities for the free movement of air through various areas of the struc- 


ture. Pressurization is obtained by restricting the outward flow of exhaust 


air. Consequently, it is necessary to provide air seals on all conduits, 


roadway drains, service trenche~etc., where air may escape. The free air 


flow through the decontamination area is accomplished by obtaining a pres- 


sure differential of approximately 3/10 inch of water above atmospheric di- 


rectly inside of the exterior door, which in many instances is a blast re- 


sistant door. This first stage of pressurization is accomplished with an 


adjustable anti-back-draft valve. Either 400 or Boo cfm will be the quantity 


of air involved, depending upon whether a single or double decontamination 


facility is provided. 
The next stage of pressurization occurs at the mem- 


brane doors where 400 cfm of air is passed with a pressure differential of 


approximately 1/10 inch of water. This pressure staging will provide a 4/10 


inch of water pressure throughout the remainder of the structure. The main 


thing to consider in obtaining pressurization is the control of all poten- 


tial areas of leakage. This will eliminate the need for excessive quanti- 


ties of filtered air over that required for proper habitability of an under- 


ground installation.The optimum quantity of air introduced into a protect- 


ive structure should not exceed 10 cfm per occupant. This will adequately 


provide for the physiological requirements of the occupants. It is not con- 
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sidered advisable to provide for the revitalization of air for periods when 


ventilation air may not be obtainable. Under circumstances when ventilation 


air must be shut off for short periods of time as a result of blast, the oc- 


cupants can survive on the air available within an underground structure if 


maximum use is made of the air-conditioning and recirculation equipment. 


This, of course, is a function of space allocation. Under circumstances 


when ventilation air is shut off indefinitely due to blast damage, it would 


also be reasonable to assume that the generation of electric power stops due 


to the lack of combusion air. Consequently, operations would cease and per- 


sonnel would vacate the facility as soon as possible and air revitalization 


equipment would be useless. 


Combustion air for internal combustion engine generators and conven- 


tional boilers is a critical commodity in protective structures. This is 


not from the standpoint of filtration requirements but from the standpoint 


of maintaining continued operation of the equipment while being subjected to 


blast. The Corps of Engineers, through the cooperative effort of the Signal 


Corps, uses a radiation detection device illustrated by Fig. 4 for closing 


air intakes and exhausts in advance of the arrival of blast. While this 


system simplifies the problem of protection, there still remains the prob- 


lem of maintaining operation of engine generators and instantaneously shut- 


ting off oil-fired boilers without causing damaging effects when a blast clo- 


sure is figuratively "sl.aumed shut" in the face of this equipment. The ra- 


diation detection device prepares the structure for blast by closing various 


openings and shutting off fuel lines, etc. This device or system is basic- 


ally a pair of instruments that are sensitive to thel"'ll&l and initial gamma 


radiation of a distant nuclear explosion and that will react to electrical- 


1y trigger shut the protective closures as well as to provide a visual,or 
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audible warning alarmo 
The thermal and gamma detection devices together with 


control panel and other appurtenances are furnished by the Signal Corps as 


"Radiation Detection and Alarm System AN/FJW- 1 (V)." The gamma detector de- 


vice uses an ionization chamber and electrometer circuit to detect the ini- 


tial gamma radiation emitted at the time of weapon detonation. The radia- 


tion activates a relay that in turn opens seconda.~ alarm and protective 


circuits, carrying current of 2 milliamperes. The thermal detector or trig- 


gering device consists of a phototube circuit sensitive to infrared. This 


device activates relay circuits on the rise time and duration of the thermal 


radiation pulse. A 1-millicurie cobalt 60 gamma source, pulsed by a sole- 


noid assembly, is used to test the initial gamma detector, and an electronic 


photoflash circuit checks the operation of the thermal detector. Each detec- 


tor is housed separately in a 5-in. diameter aluminum cylinder-approximately 


14 in. high and provided with mounting plates. The detector will be instal- 


led in such manner that maximum unobstructed view can be obtained over a 


horizontal azimuth range of 360 deg. The entire system is controlled and 


visually displayed on a master control panel that shows the activation and 


operation of the protective circuits and remotely controls the gamma and 


thermal testing devices. 
The system operates on standard ll0-volt1 60-cycle 


alternating current at approximately 10 amperes. This system was developed 


as a sensing device for the operation of blast-closure valves. However, its 


use has much broader application where it is desirable to automatically shut 


off gas lines, fuel-oil lines, and other such services that may enter a pro- 


tective structure. Also its use as a warning device, however short the time 


may be, will alert personnel of the arrival of blast and probable fallout. 


The closure device illustrated in Fig. 5 and presently used in protec- 


tive structures was initially designed for installation in an existing blast 


R-341 
3-26-59 
562 


wall having air-intake openings 16-in. diameter in four horizontal rows of 


six each. 
Consequently, a seemingly complex mechanism has been developed 


and is continuing to be used in the absence of further development. 
This 


closure valve will handle approximately 5000 cfm of air with a flow resist- 


ance of 1.0 inches of water without consideration of the wall thickness. 


The closure valve as illustrated will close automatically upon firing of the 


explosive cartridge and is opened manually by a chain-operated reduction- 


gear assembly. The firing of the explosive cartridge occurs when the al- 


ternating current is shut off, either by the sensing elements or by normal 


power failure. The 110-volt alternating current is converted to low-voltage 


direct current by a transformer and selenium rectifier that continually en- 


ergizes a capacitor or condenser. 
upon failure of alternating current, a 


relay switch closes the circuit and the cartridge is fired by the potential 


in the capacitor. 


With all this there still remains the unanswered question of how to 


obtain air for combustion and exhaust gases without regard to blast. Steam 


or hot water boilers cannot withstand any blast pressures and still be ex- 


pected to function. 
The least that may happen is the collapse of the fire- 


box lining, extinguishing the fire. Internal combustion engine generators 


will stall if pressures of long duration are permitted to enter the exhaust 


stack. The maximum or minimum blast pressures which will cause such stall- 


ing are not specific and engine manufacturers hesitate to specify any lim- 


its. At the present time we are considering the installation of a blast-ac- 


tivated poppet valve in the end of the exhaust stack. During the time that 


the poppet valve is closed by blast, an auxiliary valve, located down in the 


power plant, will be automatically opened by the back pressure in the stack. 


In the opened position the valve will permit the engine exhaust gases to be 
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diverted into the access tunnel inside of the blast doors. This scheme re- 


quires considerable space in order that concentrations of combustion gases 


are kept well within the threshold limits for continuous exposure. The es- 


timated time that such diversion is sustained is 10 seconds, atter which 


the poppet valve will open by spring actio~permitting normal operation. I 


must emphasize that such a system requires considerable space in which to ex- 


haust the gases and cannot be used as a general cure-all. This problem is 


receiving continuous study and may be solved in the near future by the use 


of nuclear power plants. 


In summary, collective protection against airborne contaminants is ac- 


complished by the installation of special filter units for ventilation air, 


the pressurization of structures, personnel decontamination facilities for 


limited ingress, the isolation or separation at combustion air from ventila- 


tion air, the provision o.f blast c1osure va1ves which wi11 be activated by 


the attacking weapon,and last but far from least1 the inclusion of an operat- 


ing procedure for the equipment installed. I might add in closing that all 


of these details are covered in considerable detail in the Engineering Man- 


ual entitled Collective Protection Against Chemical, Biological and Radio- 


logical Warfare Agents, EM 1110-345-461. 
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DISCUSSION 


MR. HARRY R. BIEDERMAN (Lockheed Aircraft Corporation, Burbank, 


California): 
I was wondering if the combustion air has to be filtered as 


thoroughly as the breathing air and whether there has been a consideration 


of unfiltered air. 


MR. KIRKPATRICK: It does not have to be filtered. 
There is no 


evidence that the contamination will be harmfUl because it will go out with 


the hot gases. 


One difficulty is that if we cannot isolate combustion air from the 


rest of the installation, the intake pipes may be a source of contamination 


because of deposits in the intake system. Filters in the intakes might 


collect contaminants and perhaps become a hazard. 
However, if they are not 


in occupied areas this is not too serious. They can be monitored, and it 


is not necessary for personnel to remain in these areas very long. 


I 
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front eleva. 


/Webbing elastic one-way stretch 15" wide 
3/64" thick natural rubber with rayon and 
colton coverinQ,equal lo No.4002 United 
Elastic Corp., Lillleton, Mass. 


section A-A 


webbin9 frame detail 


4 required 


Fig. 3 


RADIOLOGICAL DEFENSE WARNING SYSTEM 


(Tower mounted) 


Fig. 4 


Inside elevation 


BLAST CLOSURE VALVES 


(Mechanical closing) 


Fig. 5 


Opening device 
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THE COOLING PROBLEMS OF CHEMICAL AND NUCLEAR POWER PlANT 


APPLICATION TO A ClASS OF lARGE SHELTERS 


W. R. Elswick 
The RAND Corporation 


R-341 
3-26-59 
569 


This paper is an exploratory discussion of electrical power supplies 


for large shelters and the associated problems of air breathing and heat 


removal. 
The shelter application is considered for a hypothetical military 


command center or early warning center. 


MODEL OF HYPOTHETICAL SHELTER 


I've chosen a hypothetical shelter with a rather large power require- 


ment, 80oo kw, w'bich is assumed to be very "hard" by burying it in hundreds 


of feet of granite or other massive structure. During peacetime operation 


the 8ooo kw power requirement can perhaps be supplied by a nearby 


municipal or industrial source. 
However, during wartime operation or a 


''button-up" period of from, say, 5 to 30 days the shelter must be self- 


contained. At most the shelter can depend on the outside world for CODL- 


bustion air and cooling air and possibly a body of water as a heat sink. 


The heat removal of 8ooo kW in peacetime is relatively easy even 


though the heat is low-grade at low temperature. 
We can circulate outside 


air, or impose a water-circulating system betwen a heat sink--such as a 


pond or lake with cooling tower or the atmosphere outside--and an air-water 


heat exchanger within the shelter. The problem thus becomes one of the 


emergency standby powrplant (or a full time powerplant} and its accessories 


located w1 thin the shelter and a hardened facility to handle the 8ooo kW 


beat lo-.cl.. 
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HEAT LOADS WHICH MWS!' BE CONSIDERED 


The heat loads which we must consider are: 


1. The 8ooo kw electrical load dissipated by electronics, lighting 


and refrigeration equipment. 


2. 
The heat generated by human metabolism--the heat rate based on 1000 


people at 150 watts each (3000 kcaljday) is 150 kw. 


3· 
The heat load due to power generation: 


a. 
The stack gases resulting from combustion products (not applicable 


to the nuclear powerplant). 


b. 
The heat load resulting from thermodynamic cycle inefficiencies 


(this would not be applicable to the case of' the gas turbine power- 


plant). 


c. 
The heat resulting from the mechanical inefficiencies, generator, 


pumps, and other accessories. 


d. 
The heat load resulting from those accessories peculiar to the 


reflector, moderator and shield cooling loads. 


e. 
The heat resulting from the heat transfer equipment, pumps, fans, 


motors, fluid friction, etc. 


DURATION AND LOCATION OF OPERATION 


For short periods of' emergency operation of' a few days or so we might 


store our heat sink underground in or near the shelter in the form of' ice 


and depend only on the atmosphere for combustion if' we employ a fuel-air 


combustion cycle for our powerplant. 
For longer periods of' operation and 


due to economic considerations, we must look elsewhere for a heat sink. 


We must tap a heat sink such as the atmosphere, a lake or stream on the 


surface, or an underground stream. 
As an example if' we chose a nuclear- 
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steam turbine system we would no doUbt choose an underground stream or the 


like rather than the atmosphere as a heat sink. 
The stream, of course, 


must have a gt>eat enough water flow to handle the entire heat load with an 


acceptable water temperature rise. 


KINDS OF HEAT 


For heat transfer and thermodynamic purposes heat comes in different 


kinds. 
The most difficult kind of heat to remove is that at low te~erature 


such as the warmed air from electronic equipment, lighting, and human 


respiration. 
The coolant is usually at or quite close to the desired 


temperature level. 
Here it is sometimes necessary to impose a refrigeration 


cycle in the cooling system,as the sink and allowable apparatus environment 


temperature levels are so close. Also, it must be remembered that the 


operation of a refrigeration cycle introduces some additional heat through 


the net work done and the inefficiencies present in all systems. 


The next most difficult kind (temperature level) of heat arises from 


such things as powerplant lUbrication oil cooling, powerplant radiator\ 


cooling, nuclear reactor shield cooling, steam powerplant turbine condenser 


cooling, and the cooling of electric generators, electric motors and other 


accessories. 


The next temperature level more or less takes care of itself. It is 


the rejection of the excess heat in the combustion gas along with the 


products of combustion. 


SPECIFIC TYPES OF POWERPIANTS 


One of the most common is the fuel oil-fired steam station with a 


steam turbine driving a generator. 
We can use fuel oil, as it is easily 
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handled and stored and can be used as a heat sink. 
Modern steam stations 


are prebably the most efficient type of powerplants available. 
The major 


sources of heat Which must be removed are: 1) the combustion exhaust gas 


Which is an easy thermaJ. problem as it must be vented to the outside of 


the shelter; 2) the condenser heat which is at low temperature and of 


course difficult to remove to the outside or extremely expensive to store 


Within the shelter; 3) the heat from the accessories, which is also low 


grade heat. 


The nuclear-fired boiler steam turbine power;plant, of course, does not 


have a combustion air requirement. 
However, it does have the other thermal 


load requirements of the conventional oil-fired powerplant plus an additional 


reactor shield and moderator cooling re~uirement. 


Another well known powerplant is the Diesel-generator. Basically the 


thermal requirements are somewhat less severe than the oil-fired steam 


turbine and the nuclear-steam turbine powerplants. 
The Diesel engine does 


require combustion air but has the advantage of having the combustion air 


as its thermodyDamic working fluid; hence, is able to eject a greater 


percentage of its cycle heat in the exhaust gas. 
Even though it is an 


efficient powerplant it still must dissipate about one-third of its heat 


to the cooling medium via an engine radiator. Additionall.y, there are 


lUbe oil and accessory cooling requirements. 


The open-gas turbine powerplant has some very interesting properties 


plus one relatively undesirable feature. It essentially consists of a 


campressor, cambuation chaaber, gas turbine and generator. It does not 


necessarily have the severe addi tioD&l. cooling req_uirements Gf the other 


SJ"Btells unless high thermal. efficiency is demanded. 
Since the gas turbine 
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powerplant operates at very high air-fuel ratios {around 100 to 1) there 


is an abundance of air which is available for the cooling of accessories 


as well as other items. 


There is another interesting possibility that should not be overlooked 


since a refrigeration requirement for electronics might exist. 
High- 


pressure air at a pressure of 6 atmospheres or greater can be bled from 


the compressor, intercooled, and expanded through a small turbine to 


produce refrigerated air at relatively good efficiency. 
The undesirable 


feature is the great thirst for air, creating a problem in hardening the 


powr plant. The efficiency is relatively low; however, fuel-oil is not 


expensive. 


COMPARISON OF POWER PlANT PROPERTIES 


Table 1 presents some of the properties of the previously described 


powerplants. 
Specifically, estimates of the thermal efficiencies, air 


and fuel rates, and cooling load requirements are included for purposes 


of comparison. 


Several other types of prime movers are possible such as the mercury 


turbine cycle, the piston steam engine, the internal combustion Otto cycle, 


as well as hybrids of these. 
However, the four types represented in Table 


1 are not only rep~esentative but are probably the logical contenders for 


the proposed application. 


CHOICE OF FUEL 


In addition to a possible nuclear source there are several conventional 


and readily-available fuels which might be considered. Along with fuel oil 


one might consider coal, gas, and other hydrocarbon fuels which might be 


Table 1 
\Jl\..N~ 
-.:] I 
I 
.j::""l\)\.>1 
COMPARATIVE PROPERTIES OF 8000 KW ELECTRIC POWERPLANTS 
~-!=="" 
II-' 
\Jl 
\.0 


Powerplant I 
Combustion I 
Tot~a:eat I Heat Load I Fuel Oil I Cooling 
I 


Cooling 


Type and 
Air 
Rate 
Water 
or 
Air 
Efficiency 


Oil Fuel 
100,000 lbs/br 22,900 kw 
8ooo kw 
4200 lbs/br 78o, 000 lbs /br 
3·3 x 106 lbs/hr 


Steam 
3 
Condenser 
56.0 gal 
(100° F Rise) 
(100° F Rise) 
Turbine 
1,350,000 ft 
94,000 gal 
44 x 1o6 rt3 
iir 
6850 kw 
hr 


35~ 
Stack 
hr 
hr 


Nuclear 
--- 
22,900 kw 
12,600 kw 
--- 
860,000 lbs/hr 
3.6 x 106 lbs/hr 
Fuel 
Condenser 
(100° F Rise) 
(100° F Rise) 


steam 
2300 kw 
104,000 ~ 
48 X 106 rt3 
Turbine 
Shield 
br 
hr 


35~ 


Diesel 
129,000 lbs/br 24,000 kw 
Booo kw 
4400 lbs/hr 310,000 lbs/hr 
1,28o,ooo lbs/hr 
Electric 
1,Boo,ooo rt3 
Radiator 
590~ 
(100° F Rise} 
(100° F Rise) 


3» 
37,300 gal 
18 X 106 rt3 
0.55 1bs/fuel 
hr 
8ooo kw 
hr 
hr 
br 
kw-br 
Stack 


Open Gas 
560,000 lbs/hr 32,000 kV 
24,000 
5600 lbs/hr 


Turbiu.e 
7,600,000 ft3 
Stack 
750~ 
25~ 
br 
br 


e 
e 
e 
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available to the shelter. Diesel oil, of course, is a specific requirement 


for the Diesel powerplant. 
I have specifically considered fuel oil as it 


is more easily handled and stored than coal, more easily sheltered than 


gas and offers the possibility of being used as a low temperature heat 


sink within the shelter. Fuel oil has a specific heat one-half that of 


water. {Natural gas has a higher ~ecific heat although its low density 


probably excludes it from consideration as a fuel for a very high over- 


pressure shelter.) 


MODE OF OPERATION AND SITE LOCATION 


The mode of operation of the shelter determines to some extent the 


site location and the choice of powerplant type. 


EMERGENCY OPERATION ONLY 


If the shelter site is close to a suitable source of power such as a 


city, an industry with excess power or a T'fA dam powerplant, presumably 


the shelter would require only a standby type of powerplant. 
In such a 


standby plant thermal efficiency might not be of great imPortance. 
How- 


ever, a short start-up time would, no doubt, be highly desirable. 


CONTINUOUS OPERATION 


If the powerplant were isolated from a sui table civilian power source 


and the sheltered powerplant must run continuously, then a fuel source 


must be available, the powerplant should operate efficiently, and the 


necessary cooling requirement for continuous operation must be met. 
In 


the case of the steam turbine plant, the nuclear steam turbine plant, and 


the Diesel engine plant large impressive cooling systems must be provided. 
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In fact an underground stream would be highly desirable as the heat sink, 


thus imposing an additional and perhaps severe constraint on site selection. 


Presumably if one can solve the combustion air problems in shelter design 


for fuel-burning powerplants such as the steam and Diesel powerplants he 


can also accomplish the cooling requirement With atmospheric air if 


necessary. 
However, it should be noted (see Table l) that air cooling 


- ot such powerplants requires about 10 times the air-handling capacity 


over that of the combustion air alone. Air-cooling the nuclear powerplant 


also requires a similar air-handling capacity. 


The gas turbine requires only about six times the combustion air of 


the other hydrocarbon powerplants; however, its efficiency is sanewhat 


lower, indicating a 13 to 15 percent greater fuel requirement. 


Start-up time would, of course, be of little concern if the powerplant 


were to operate continuously. 


AIR SHAFT SIZES AND BEAT TRANSFER AREA 


An air-cooled powerplant even as small as 8ooo kw requires a prodigious 


quantity of air if that air must be piped and pumped a thousand feet or 


so UDderground, heated, and piped lOOO ft back to the atmosphere. 
Table 


2 contains an estimate of the required flow rates, duct sizes, and pumping 


power to bring the air in and then to pump it out. 
No attempt had been 


made to estimate the power required to pump the air through heat exchangers 


which transfer the heat frCIIl the electronics to the cooling airstream. 


The power requirement would, however, be appreciable. 


For this type of heat transfer where air is the transfer fluid a heat 


transfer coefficient of 2 to 5 Btu/hr tt2 /Of is usuaJ.J.y reaJ.ise4l in 


industry. 
This corresponds to about o.ool kw/tt2/0f. Therefore a load of 


e 


Powerplant Type 


Oil Fuel Steam 


Nuclear-Fired 


Steam 


Diesel Electric 


Open Gas Turbine 


e 


Table 2 


COOLING AIR DUCT SIZES AND PUMPING POWER 


{Air Velocity in Duct 100 tt/sec) 


Booo kw 
Internal Load 


(50° F Rise) 
2. 5 X 1Q6 lb/hr 


34 X 106 ft3jhr 


Diameter = 11 tt 
*1300 kw power 


Same 
'*pumping power 
is 1300 kw 


Same 
"'*pumping power 
is 1300 kw 


Same 
'*pumping power 
is 1300 kw 


Powerplant Load 
Excluding Internal Load 


(100° F Rise) 
2.; x 1o661bs/hr 
31.5 X 10 tt3jhr 
Diameter = 10.5 ft 


2.7 x 1g6 lbs air/hr 
37 x 10 rt3 /hr 


Diameter = 11. 5 tt 


Same as above 


560,000 1bs/hr 
7.6 X lo6 tt3/hr {STP) 


D. 
= 5 ft 
1n 


D t • 7 1't 
ou 


Powerplant Load 
Pumping Power 


1200 kw 


1100 kw 


1100 kw 


245 kw 


* The 1300 kw pumping power would be that power required to cool the internal 8ooo kw electrical 
load by outside air if we were to heat the air by 50° Fabrenhei t. 


e 


\),I 
I 
1\)~ 
0\ I 
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-.:j V1 ~ 
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8000 kw would correspond to 8,000,000 tt 
2/~ of heat transfer surface. 


Even if we were able to use the :full 50° F temperature di:f'ference the 


required heat transfer area wouJ.d be 160,000 tt2, almost four acres. 


The combustion air requirements are rather modest by comparison. 


Table 3 is a breakdown of my estimate of those requirements shoWing the 


duct sizes and the pumping power for the various types of powerplants. 


It was assumed that the "chimney et:f'ect" of the heated gas offered no net 


pumping effect. That is, chimney pumping tended only to offset the 


pressure drop due to blast trap devices which must be in the air lines. 


SYMMARI 


The net electrical load requirement designed into the shelter is 


appreciably magnified by the time the powerplant meets all the requirements 


of' refrigeratioJ, heat transfer, and fluid flow. 


Using the atmosphere as a heat sink for a shelter with a net electrical 


load of around 8ooo kw does not appear to be particularly desirable. 


A built-in heat sink such as an underground stream of sUtticient 


capacity to carry away the heat and yet sutter only a low temperature rise 


is most desirable. An aJ. ternati ve heat sink might be a lake in the 


vicinity of the shelter which couJ.d be tapped i"ram the bottom. 


The combustion air requirement does not appear to be at all. 


unreasonable to supply. 
The air ducts are not particularly large for the 


8000 kw net electrical. powerplants which have been considered. 


The generation of heat at low temperatures such as in electronics, 


human respiration, &rld lighting creates the most difficult heat transfer 


and refrigeration problems Within a shelter UDl.ess that shelter happens to 


e 
e 


Table 3 


COMBUSTION AIR DUCT SIZES AND P'VMPING POWER 


Powerplant 
I 
Combustion Air 
I 


Duct Sizes Based on 100 ft 
Flow Rate 
per sec Velocity 
IN 
OUT 


Oil Fuel Steam I 
100,000 
lbs/br I 


20 inches I 
35 inches 
Turbine 
1,350,000 rt3 
diameter 
diameter 


br 
I 
Nuclear Fired 


Steam Turbine 


Diesel Electric I 
129,000 
lbs/br I 
23 inches 
I 


41 inches 
1,8oo,ooo rt3 
br 


Open Gas 
560,000 
lbs/br I 
47 inches 
I 


8o inches 
Turbine 
7,600,000 rt3 


hr 


I 


Combustion Air 
Pumping Power 


I 


224 kw 
(300 hp) 


I 
250 kw 
(330 hp) 


I 
520 kw 
(700 hp) 


e 


~ 
I 1\:>!:d 
0\ I 
\.11 I 
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have a large heat sink. 
The atmosphere is difficult to use and an ocean 


or lake is usually not present. 


Every effort should be exercised to cut the net electrical power 


requirement to a. minimum. 
Transistorized electronics designed with cooling 


in mind should be employed wherever possible, lighting should be at a 


minimum and should be of the more efficient gas discharge type such as the 


fluorescents. 


The nuclear power source at best only eliminates the combustion air 


requirements. Even assuming the same over-all efficiency as the oil- 


fired heat source, a similar heat transfer and cooling problem exists. 
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IITRODUCTIOlf TO SESSION Of' NEW COIISTRUCTIOI METHODS ABD EQUIPMDT 


R. L. Loof'bourow 


Consulting Engineer 


In this session we have to consider a broad subJect. 
The great 


diversity in the physical properties of rocks was nicely stated by Mr. 


Wilbur Duvall in his paper, "Design of Underground Openings for Protec- 


tion." In addition, there is quite as great a diversity in what may be 


called the physical condition of rocks -- that is the type, severity, 


spacing and orientation of defects such as bedding, fracturing, various 


forms of chemical alteration, the presence of abnormal stress, and the 


occurrence of rock fluids such as water and, rarely, oil and gas. Other 


conditions such as topography and the purpose of the work may establish 


various requirements as to the nature of entrances and the shape of 


excavations. 


To cope with these diversities we may choose from a broad range of 


methods and equipment. Since cost is very much an object, it is especially 


desirable that sites be selected so as to facilitate construction and also 


that the condi tiona be determined as accurately as possible, to permit 


best design and selection of efficient methods and equipment. 


We are concerned not only with the cost of excavating but with the 


cost of making stable excavations. Though we understand that the point is 


questioned, in this session we are guided by the assumption that for the 


type of work contemplated and under reasonably favorable conditions of 


rock stress, an excavation of a given shape, size and orientation, at a 


given spot will be most stable if its roof and walls are comparatively 


smooth and unshattered. This is one of the reasons tor our interest in 
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boring methods. 


Some boring methods promise to become most appropriate for establish- 


ing entrances through rock which would be slow and difficult by conven- 


tional mining. 
The possibility of boring curved holes ~ 
aid in the 


dispersal of entrances. 


Boreholes of comparatively small diameter may be highly useful for 


alJ. 1118D!ler of conduits from the surface to underground and between separate 


underground excavations. 


To achieve a certain degree of completeness vi th respect to boring, 


several types of equipment, not otherwise described, will be mentioned 


here. 


Shot drills, illustrated by Fig. 11 use chilled steel shot fed under 


a special cutting shoe to abrade rock of any hardness, cutting a core which 


must be detached and removed from the hole piecemeal. 
Cutting~ be slow 


and progress is subject to further delays for core removal. 
The type of 


drill illustrated puts motive power and the drill operator in the hole. 


Another type drills from the surface using drill pipe to rotate the core 


barrel and shoe. 


A slabbing saw or a chain sav vi th bard metal teeth developed tor 


use in salt and coal has been used ingeniously in a periphery saw for 


cutting 33-ft twmela in chalk. It is illustrated in Fig. 2. In operation 


the aav is advanced into the face 1 then caused to traverse around the 


periphery of the tunnel. A fev blaatholes were used to break up the 


"core." This is not a continuous operation. Application at the sav 


would appear to be lilli ted to soft rock such as c~-shal.e 
1 sal. t and 


chalk. Compare in this photograph the lover part of the vertical wall1 
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which was cut by a slabbing saw, with the line-drilled center. Figure 3 


shows the periphery saw just after holing through one of the same tunnels. 


Note that such a saw could be modified to cut any prismatic shape. 


A number of continuous mintBg machines are regularly manufactured 


and used in coal and salt mining, producing these materials in volume at 


low labor costs. They could be useful for making excavations for single- 


story structures in salt, for instance. Power augers made by several 


firms for surface and underground use can dig holes in earth, clay, coal 


and salt with extraordinary rapidity, vertically or at any angle, to 


diameters of 5 ft or in favorable circU118tances a few more feet, and to 


depths of 50 ft to several hUD4red feet, depending on the size of the 


equipment, the diameter and angle. 


FIGURES 
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1. Newsan-type core drilling equipnent f'or 5.5-f't diameter shafts, using 


chilled steel shot as abrasive. Mining World. 


2. Periphery saw starting an outlet tunnel in Niobrara Chalk, Ft. Randall 


Dam, South Dakota, Silas Mason Co., Contractor. Photo, Goodman Mfg. Co. 


3. Periphery saw canpleting an outlet tunnel in Niobrara Chalk, Ft. Randall 
Dam, South Dakota, Silas Mason Co., Contractor. 
Photo, Goodman Mf'g. Co. 


Four cables 


Safety hood 


Hook 


:rtif.i'o-PinA conduit 
shot 


• Gear reduction 
case 


Cutting barrel 


Cutting shoe 
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Newsom type core drilling equipment 
for 5.5 foot diameter shafts using 
chilled steel shot as abrasive 


Mining World, September, 1957 


Fig. I 
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Fig. 2 


Fig. 3 


ADAPTATION OF OIL WELL DRILLING TECHNIQUES 


Gene Graham 
Graham and Klassen Drilling Company, Inc. 
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Just one century ago, in August of 18591 Colonel Edward Drake drilled 


the world's first oil vell--a hole 69-1/2 ft deep. This was a post-hole by 


today's standard but a most important contribution to the progress of the 


last hundred years. The drilling and completion of the Drake well was the 


key that unlocked the liquid riches of this earth--the oceans of oil on which 


our entire industrial econo~ floats. 


Today's oil wells are basically the same as Drake's well in that they 


are holes drilled into the ground to the depth where oil has accumulated. 


While the average well's depth has now reached 5000 ft, a dozen or so wells 


have passed 201 000 ft 1 and one, drilled in Oklahoma last year, passed 25 1000 


ft. The string of drill pipe, in its diameter-to-length ratio, would be pro- 


portionate to a human hair 5-ft long! 


In order to discuss our subject it will be helpful to review briefly 


how a modern oil well is drilled--from the driving of the surveyor's stake 


to the completion of the well. 


First, a graded site with a means of access is needed. A sump hole and 


a "cellar" are constructed on the site, and a conductor pipe is cemented in 


place. The sump is merely a hole large enough to collect waste fluids. The 


cellar is actually the beginning of the well. The conductor pipe prevents 


the mud flow from washing out the rig's foundation. 
When these are ready, 


it is time to mOYe in the drilling equipment. 


The equipment, commonly called a "rig," consists of: 


1. A hoist, referred to as the "drawworks," which is the machine used 
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to raise and lower the drilling string; 


2. A derrick or mast, the structure which looks like a tower and in 


which drill pipe is racked on trips; 


3· 
Pumps, used tor circulating the drilling fluid; 


4. Prime movers to power the drawworks aDd pumps; 


5· The drill string, which is actually a pipe line--as llllch pipe in 


30-tt lengths as is needed to drill the hole to its total depth, and 


6. 
Many auxiliary aDd accessory items. 


A schematic drawing ot a complete oil well drilling rig is shown in 


Fig. 1. 


All ot these items are bulky &Dd heavy; they are designed for rough 


service,with road restrictions the onlY critical criterion. California laws 


prohibit loads over 8-tt wide on the high~s without special permits, and 


when pieces ot equipment are larger than this limit, they are diTided for 


road transport. 


Figure 2 illustrates a typical drawworks - pover package. Portions ot 


shallow-drilling rigs may be per-.nently mounted on heavy-duty trailers. 


SUch mobile liDita are usually 11aited ill their hoisting aDd pipe haDdl.illg 


capacities to about 4ooo-tt wells. 


Figure 3 is a photograph ot a mobile trailer-mounted "blitz" rig ready 


tor IIOY1ng. 


A location road trCII established high~• to the vell site necessari- 


1y IIU8t be cc.petent to bandle loaded trucks; ita curves BlUst be gentle 


enough to permit passage of loads of up to 50 :f't in length. In mountainous 


areas the cost ot access roads .ay beccae prohib1t1Te. 


Recently ill Guate•la a big drillins outtit1 cc.plete vith tour hun- 


dred 30-tt joints ot drill pipe 1 was transported by helicopter and airplane 
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:f'rom a seaport to an inaccessible jungle location. The total weight of this 


drilling rig aDd drill string was in excess of 6oo tons. While it is true 


that a :f'ew at the aeJor components o:f' this outtit were especi~ designed 


tor the project, most pieces were standard design. 
The possibilities o:f' 


this mode o:f' rig transport are now available to us. 


Figure 4 is a photograph at an oil well drilling rig on location, and 


Figure 5 is a schematic drawing o:f' a "blitz" rig in operation. 


When the equipment is transported to the well site 1 it is assembled iD 


correct relationship to the exact surface location o:f' the proposed well bore 


and the well is "spudded in"--an oil:f'ield term meaning the beginning o:f' the 


drilling operation. 


State and Federal laws require that the fresh waters directly beneath 


the surface o:f' the ground be protected :f'rom cootam1 nation promptly a:f'ter 


spudding the well. Oilf'iel.d practice cal.l.s :tor a means to protect property 


against blowouts. For these reasons a string o:f' large-diameter pipe, usually 


1.1-3/4 in. OD1 is cemented to a depth o:f' as much as 1.000 :f't. 
The installing 


and cementing ot this pipe in the hole protects the water strata and provides 


an anchor or foundation upon which the blowout control valves are install- 


ed in the cellar on the surface. 


After these steps are accomplished, general.ly within two days a:f'ter 


spudding, the real drilling job begins. From this point on the "technique" 


o:f' drilling must be employed. 


The rotary method o:f' drilling requires that a circulating :f'luid1 called 


"mud.," be pumped constantly dovn through the drill string while drilling, 


through the dril.ling bit 1 and back up the surface in the annulus between the 


hole and the drill string. The fluid serves :tour main purposes: {1) it car- 


ries the cuttings :f'rom the bottom to the surf'ace where they are separated 
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rrom the rluid; (2) it cools and lubricates the drilling bit; (3) it holds 


back rluids and gases which would enter the well bore it the hydrostatic 


head of the fluid were not present; and (lt.) it keeps certain types ot forma- 


tiona rrom sloughing and "heaving" into the bare. '!'he subJect ot "mud" is a 


complicated one; it is actual.ly a problem in chemistry by which weight, vis- 


cosity, pH factor, and other properties are controlled. 


The drill string is the tool which actuates the drilling bit. It is 


hollow, to permit the passage ot the mud, and has, at ita lover end, heav,y 


thick-walled steel tubes called drill collars. While there is much contro- 


versy on the wbJect, it is generall.y agreed that the drill pipe should be 


run in tension, using the drill collars as the weight on the bit. Each 30-ft 


joint ot drill pipe is equipped with a "tool joint" having coarse threads on 


a large taper ror quick make-up and break-out. 


Figure 6 shows a typical drill string tool Joint. 
Today practical~ 


all rotary-drilled holes are drilled with roller cutter bits. Over the years 


the tri-cone design has emerged as the llOst econc:a1cal tool. Such a bit haa 


three conical cutters v1th teeth machined on the cones and tungsten carbide 


applied to the cutting surface. 
The pattern ot the teeth is T&ried--larger 


and more vide~ spaced for softer foraations, ...U.er and close~ spaced ror 


harder tormationa. 


Figure 7 abova a typical roller cutter drill1Dg bit. 


The drag-type drilling bit has practical.l.y disappeared rraa use al- 


thoush 1 t still has scae application in aott II&Ddy' rormations. 


J'igure 8 shows a typical drag-type drilling bit. 


With a rreah bit run into the hole on the drill string to a point a few 


:teet ot:t bottca, circulation ot the .ad is started, rotation ot the &trine is 


besun1 and the driller lonra the striD& until his weisht inclicator tells hia 
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he is on bottom. 
Generall.y 1 dependiDg on the formation being penetrated, 


the rotary speed will be from 50 to 200 rpm--fast tor so:rt formations and 


slow tor hard strata. '!he cutters on the bit rotate on their axes, maldng 


approx:Lmateq tour revolutions tor each turn of the drill string. The teeth 


ot the cutters chip fiM'8'3' on the bottom, being pressed into the formation by 


the weight of the drill collars. It is not uncaaon to appq 5000 l.b ot 


weight per inch of bit diameter. Here again as a general rul.e heavy weight 


and slow rotation are used in hard formations; l.ighter weight goes vi th 


taster rotation in so:rter formations. 


Experiments are now in progress on several. novel methods which may 


change our techniques. Tbe turbine bit is in actual use1 a sonic tool is 


in tbe experimental stage, and tlame or jet cutting bas been tried. 


The rate ot circul.ation ot the mud is extremely important to ettectift 


drilling. In order to assure that tbe bit dr1lls on new formation, it is 


necessary to :f'luah the cuttings away and carry them to the surf' ace. A ris- 


ing velocity in tbe annulus ot · 3 tt/ sec is considered the mi.nimum tor this 


purpose. 


Flow ot the mud through tbe oritices {Jets) ot tbe bit flushes tbe cut- 


tings away from the bottom so the bit may always have new formation to work 


on. 
~ltd velocity through the oritices should be in the range ot 200 to 4oo 


tt/sec. 


Figure 9 is a schematic drawing ot the fluid flow through a roller 


cutter drilling bit. 


In oil. well drilling a "straight" hole is one which does not deviate 


more tbaD 3 deg fran vertical. Three degrees, however, permits a horizontal 


deflection of' 50 ft per 1000 tt at depth and, in many instances, it is neces- 


sary to control a hole more closely. Conversely, at times it is essential to 
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direct a well several thousand feet from the vertical proJection ot the sur- 


face location. 


Control of' well bores1 whether to maintain an extremely vertical hole1 


to achieve a considerable horizontal "kick1 " or to alter the direction1 is 


done by the use ot a whipstock. This tool is actual.J.1' nothing more than a 


steel wedge which acts to force the drilling bit a~ f'rom the present course 


of' the hole. 


Figure 10 illustrates the use ot a whipstock. 


The whipstock is fixed to the drill string and a drilling bit 1 .. 
, 1 er 


than that which drilled the hole to this point1 is IIBde up on the bottcm of' 


the drill string. The whipstock is lowered to the bottcm ot the hole and 


oriented to f'ace in the desired direction. Drilling is begun, with the wedge- 


11ke whipstock forcing the bit to deviate from the former course. Atter 


drilling 10 to 15 f't1 drilling is suspencled1 the drill string is raised to 


engage the collar of' the vhipstock1 aDd the tools are removed from the hole. 


Bormal drilling is resu.d in the vhipstocked hole. 


General.ly speaking1 a whipstock run will cause a 3 deg change in devi- 


atioo trom vertical. ,.. ~he angle of' a hole increases, the ef'tect of' a whip- 


stock run is greater in JIIOSt tor-.tions. 


Atter a hole is "kicked ott" it is custoaar.Y to use stabilizing tools 


1n the dril1 string to continue buildinc angl.e or maintain a desired angle. 


The position ot these tools near the lower end ot the drill string1 in relation 


to the bit, determines the action of' the string. WhUe there are several 


ditterent types of' stabilizing tools, each is buically a short section ot 


drill string vi th "wings • or blades which contact the valls of' the hole. The 


stabilizer is used as a tulerua to pry the bit up in angle-building opera- 


tiona. 
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Periodic surveys are made to check the course at the well as drilling 


progresses. To accomplish this the drill string IIIUSt contain a section at 


non-magnetic material, either "K monel" or stainless steel, run directly 


above the bit, into which a recording type of survey instrument is dropped 


from the surf'ace. From these "shots," which indicate angle ot deviation and 


direction, the well's course is plotted. 


Figure ll shows a typical directional drilling well completion report. 


When the hole is drilled to the desired depth, the drill string is re- 


moved from the hole for the last time, the hole is cased, and the casing is 


cemented in place. Af'ter a period, usually not leas than 24 hours or more 


than 48 hours, completion operations are undertaken. 


Figure 12 shows the four steps in the drill 1ng aDd completion at an 


oil well ( Tertical scale distorted). 


It may be help:tu11 1n connection w1 th this very brie:t resUII! at oil 


well drilling, to recognize the speed, or lack at it, with which vella are 


drilled. In the soft s&Dds aDd sbales at the San Joaquin Valley it is pos- 


sible to reach 101 000 tt in 15 dqs frcm spudding. This is "snowbank" drill- 


ing. 
On the other hand, 7000 ft at hole in the Sespe shale for-.tions near 


Ventura require 45 to 50 dqs. 


The cost ot operating an oil well drilling rig will vary trOll $900 per 


day for shallow drilling with the "blitz" outtita, to $1500 per day tor the 


biggest rigs. 1'hese figures are tor rig operation only and do not iDclude 


costs at mud1 bits, fuel, crew subsistence, etc. llbld ~ 
cost as much as 


$200 per day1 diesel f'uel up to $100 per day, and bits about $400 per day. 


Up to this point this discussion baa been concerDed with oil vella-- 
..U diuleter holes drilled to considerable depths. 
The problem at ha.Dd-- 


the drilling at large-diaeter, relative~ aballov, directed holes--poses 
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several problems: 


1. 
How to achieve the final hole size? 


2. 
How to circulate the drilling fluid for proper cleaning of the 


hole? 


3· What size aDCl type of drill string is practical? 


4. 
How to direct the hole to the target'l 


5· 
How to protect the bore with casing? 


To achieve a directed bore 50 to 6o in. in diameter and no more than 


2000 to 2500 ft in length will require the drilling of a "pilot hole" ot 10 


to 12 i.D. in diameter. In a hole of this size normal "blitz" equipment v1ll 


suffice. This size hole will also be relatively simple to direct to the de- 


aired target. In this pilot hole there will be no more than the usual prob- 


lems or circulating fluid, maintaining directional control, and drilling with 


the usual 4-1/2 in. OD drill pipe. 
The ideal bore will start vertically at 


the ground surface, build angle at the max~ rate possible, and end up 


horizontal. 


It is generally agreed that an e.Dgl.e buildup or 5 deg per 100 ft is 


the maximum possible to achieve and still maintain condi tiona which will per- 


mit the use ot the 4-1/2 in. drill pipe. 


Hole enlargement ma,y be achieved in one ot two ways: 
in steps of 8 to 


12 in. per step, or in one operation. 
Recently, in a mining operation in 


Arizona., an oil well rig vas engaged to drill vertical holes 48 in. in dia- 


meter. In this job the program called for a 15-in. hole enlarged to 26 1n., 


then to 36 in.) &Dd finally to 48 in. The hole-enlarging tools were roller 


cutter tools with a pilot. 


Figure 13 shows typical roller cutter hole-enlarging tools. 


e, 
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This operation was not too successful because straight-forward oil well 


techniques were used; 
no attempt was made to alter the equipment for great- 


er effectiveness. The following modifications should be advantageous to 


achieve the final hole size. 


Ordinary oil field mud pumps do not have the capacity to maintain a 3 


ft/sec rising velocity in the annulus of a large hole. 
One may easily cal- 


culate that pumps capable or giving the desired rising velocity in a 12-in. 


hole will deliver approximately 1/4 of that in a 24-in. hole, and 1/161 or 


.18 ft/sec 1 in a 48-in. hole. Such low velocities cannot carry the cuttings 


away from the bit and up the hole. 


The probable answer to this problem is to reverse the flow1 circulat- 


ing down through the annulus and into the hollow drill string. The hazard 


in this is that reverse circulation tends to apply greater pressure on the 


formations which may be "broken down1 " with the result that circulation may 


be lost into the formations. 
Corrective measures are available, however, if 


this occurs. 


Assuming that "reverse circulation" will solve the problem of carrying 


the cuttings up to the surtace1 the next consideration is the size or the 


drill string. 


Our present 4-1/2-in. OD drill pipe is a well-engineered tool for its 


intended purpose, but it simply cannot stand up under the extreme stresses 


imposed by very large diameter drilling tools. The Arizona experience show- 


ed that one of two things happened when it was used with the large roller 


cutter hole-enlargers. Any attempt to make reasonable progress in the hole 


resulted in twisting off the drill string. Operating under speed and weight 


conditions which allowed the drill string to remain effective resulted in 


little or no hole progress. 
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Obviously a larger diameter drill string is the answer. It is sugges- 


ted that pipe similar to 9-5/8 in. OD, 53·5-lb {.545-in. wall thickness}, 


Grade P-95 (95,000-psi yield strength) seamless oil well casing with special 


tool joints will do the job. 
Our regular 4-1/2 in. OD drill pipe with tool 


joints costs $6.50 per foot today; the suggested string will probably cost 


$20.00 per foot. 


The heavier, larger diameter drill string will preclude the use of the 


same hoisting equipment which was adequate for the drilling of the pilot hole. 


This means that (1) a larger, more capable rig should be used to drill the 


pilot hole in order to be able to complete the hole-enlarging operation, or 


(2) the "blitz" equipment used for the pilot hole would have to be moved out 


and larger equipment moved in for the hole-enlarging operations. 
Since it 


is always hazardous to let a hole stand for even the two days required to 


change rigs, the first course would appear to be the better. 


With the circulation proceeding upward through the 9-5/8 in. drill 


string, modifications of the surface equipment are necessary. 
The kelly, 


which is the topmost member of the drill string and which is the driven 


piece of the string, must be larger than a normal kelly in the same general 


ratio as the larger drill string is to a normal string. The rotary hose, 


the flexible connection between standpipe and kelly, must also be similarly 


larger to handle the flow, but, fortunately, since it is now on the discharge 


or low-pressure side of the circulating system, it is a low-pressure member. 


It is probable that the resilient hose could be replaced by a steel pipe- 


swing joint arrangement which would eliminate the standpipe. The swivel 


would require an increased flow area throughout. 


An alternate method which deserves consideration is to use compressed 


air as a circulating fluid instead of mud. 
This method has same advantages; 
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the principal one is the elimination of the need for large quantities of wa- 


ter, which may be a problem. In using air 1 the annulus between hole and drill 


string becomes, in tact1 a large receiver tank. Safety laws usually require 


that the exhaust air be directed through a water spray to drop the cuttings. 


Obviously if the formations penetrated are not competent to contain the air 


under pressure, the method has no merit. 


With the modified equipment and techniques described, the hole will be 


achieved, but it cannot be put to any use until it is protected by steel cas- 


ing. The design of a string of casing is a relatively simple function for 


oil wells, and the rules used will apply here with one added item tor consid- 


eration: the bending of the casing to contorm to the course of the directed 


hole. It is probable that steel pipe1 whose diaaeter is 18 in. less than 


the hole diameter, of proper grade steel and correct cross-sectional area, 


could be run satis~actorily. 


In conclusion, and in summation, it should be understood that the modi- 


fication of oil well drilling equipment to meet the requirements of producing 


holes 30 or 6o in. in diameter directed to a target relatively tar ~rom the 


surface location is not a difficult task. Fortunately only a very tew ot the 


components ot a rig need modification and these are relatively inexpensive 


pieces. The larger drill string is probably the most expensive acquisition 


indicated. A "guess-timate" of the cost ot the modified equipment, excluding 


the drill string, is $251 000. 


One should not assume that merely making the ~ew modifications mention- 


ed will guarutee success. When a hole is dug into the ground by any method, 


many Yari&bles are encountered which were not apparent at the start. The 


very nature ·. ot drilling, by applying power at the surface to do work hun- 


dreds aDd thousands ot teet away tr011 the point ot power application, means 
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that highly-skilled personnel is the most important factor in the success of 


any drilling operation. 


The oil well drilling industry is ready to help you solve your prob- 


lems. It is an industry which thrives on tOugh jobs and rush schedules. 


FIGURES 


1. 
Schematic drawing of a complete oil drilling rig. 


2. 
Typical drawworks--power package. 


3. 
Mobile trailer-mounted rig ready for moving. 


4. 
Oil well drilling rig in operation. 


5. 
Schematic drawing of a mobile trailer-mounted rig. 


6. 
Typical drill string tool joint. 


7. 
Typical roller cutter drilling bit. 


8. 
Typical drag type drilling bit. 


9. 
Schematic drawing of the fluid flow through a roller 


cutter drilling bit. 


10. Illustrating use of whipstock. 


11. 
Typical directional drilling well completion report. 


12. 
Four steps in drilling and completion of an oil well. 


13. 
Two large roller cutter hole enlarging tools. 
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A SCHEMATIC DRAWING OF A COMPLETE 
OIL WELL DRILLING RIG 


Fig. 


I. CROWN BLOCK 
2. HOOK BLOCK 
3. SWIVEL 
4. KELLY 
5. ROTARY 
6. DRAWWORKS 
7. MICROMAT IC 
DRILLING CONTROL 


8. WIRE LINE 
ANCHOR 


9. DRIVE GROUP 
IO.INDEPENOENT 
PUMP DRIVE 
11. POWER 


SLUSH PUMP 
12.0RILL PIPE 


I:~ ENGINES 
14-DRILLING LINE 
15. ELEVATORS 
16. MUD TANKS 


AN ILLUSTRATION OF A TYPICAL 
DRAWWORKS- POWER PACKAGE 


Fig. 2 
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A PHOTOGRAPH OF A MOBILE 
MOUNTED RIG READY FOR 
TRAILER- 
MOVING 


RIG TRAILER: 


Owerall tll-n•l-• (with tletrlck): Length--61'""; Height 13'6"; wltlth 8'10". Weight&: at kingpin 
20,...0 llt1.1 Gre11 71,7CO llt1.1 at ltegle 51,100 llt1. fer .._ltle tlrum unlt1 etltl: At kingpin 2,350 lltt.; Groll 
6,500 lltt.; at ltog1e .. ,ISO lltt. laMtl - 
lt•tlertl tingle tlrum unit with two Cummlnt NHRIS 600 Dle .. l 


Engine•, hytlrat•tler ltrake, 102-ft. tletrlck, anti walkway• a1 thewn ltelow: 


SUISTRUCTURI TRAILIR 
)woroll rootllng til_.._., ~5~· ....... 1'6• 
WWIII 1'0". W ...... : At ...... 2•.000 ... ; Grell 27,7CO lltt.; at kin-In 3,7CO llit. laMtl 
on ttontlortl -It with I' hJtlh ......,_., 17• ioltle, ele.,.,... ,_, tlrlwe, anti pipe rack1 leotletl as she- ltelew: 


Fig. 3 


AN ACTUAL PHOTOGRAPH OF AN OIL WELL 


DRILLING RIG IN OPERATION 


Fig. 4 
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A SCHEMATIC DRAWING OF 


TRAILER-MOUNTED 


MAST CAPACITY 


Fig. 5 


A MOBILE 
RIG 


MAST SUPPORT IS 
ADJUST ABL£ FvR 
TR\JCI\ CAB HEIGHT 


AN ILLUSTRATION OF A TYPICAL DRILL 


STRING TOOL JOINT 


Fig. 6 


AN ILLUSTRATION OF A TYPICAL DRAG 
TYPE DRILLING BIT 


Fig. 8 
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Fig. 7 


A SCHEMATIC DRAWING OF THE FLUID FLOW 
THROUGH A ROLLER CUTTER DRILLING BIT 


Fig. 9 
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AN ILLUSTRATION OF THE 


USE OF A WHIPSTOCK 
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OPERATION OF WHIPSTOCK 


1 - 
On bottom in oriented position before pin is sheared. 2 -Drilling 


assembly in rathole. 3 -Whipstock in pick up position. 4 - 
Reaming rat 
hole to full gauge with Eastco hole opener. 


Fig. 10 


A TYPICAL DIRECTIONAL-DRILLING 


WELL COMPLETION REPORT 
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PLAN 


1000' 


l 
/0(i61/116 :Jifll$ 
TIIAVC. :J HR$ 


110~ AT ,.., •• D 


I 0'00 AT ~00 .. 0 


I 
I 
r---'-:~:;:'·-- 


1 


I 


... oc .... -.,.. ......... 
.. 00• ... _.,.,_, 
"'"'"' ....... ¥_ ....... 
u, ..... ,_., 


101~< '<XJIA~t-WO 


., ...... , 


""'"''"" 
......... ,1'()0.~ 


•u.,£1101-<.1<'10« 
1<>0.1'1" 


s1r,.c 
--~-- 


ryplca/ directional-drilling completion report. 


Fig. II 


OtU'TN ~TJI' 
$0t/Tif /IO.,T:S 
EAST !JIQI"' 
CLO:J/IRC 1501'41' SII"5.'C 


\ 
\ 


\ 
··'":· 


R-341 
3-26-59 
6o9 


R-341 
3-26-59 
610 
FOUR STEPS IN THE DRILLING AND COMPLETION 
OF AN OIL WELL 


II; 
_L 


n 


II = STEEL CASING 
I I =DRILLED HOLE 


II =CEMENT 


>~:;:::::: 


m 
m: 


Fig. 12 


Fig: 13 


RECENT DEVELOPMENTS FOR DRD.,LING LARGE DIAMETER HOLES 


INTRODUCTION 


John C. Haspert, Hughes Tool Company 


Jack McKinney, McKinney Drilling Company 
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I shall discuss same of the recent developments in drilling large 


vertical and horizontal holes, covering the use of oil well drilling 


methods in particular. 


The rolling cutter for oil well drilling made its first successful 


test at Goose Creek, Texas, in 1909--the first practical application of 


this concept in fracturing rock. 
Rock was made to fail by pressure 


applied against it. Rotary drilling, formerly limited to soft formations 


using scraper-type tools, was extended through this principle to hard 


rock. 
The principle has since been developed into an exacting science. 


Extensive research facilities are available to work out solutions to new 


problems, and to apply new knowledge to special applications in drilling. 


With rolling cutter bits and the development or other equipment, 


supplies, and techniques, hole depths have increased through the years. 


One hole has recently been completed to more than 25,000 ft in depth. 


The depth at which drilling is done affects costs and performance, 


due largely to time loss to replace dull bits and the effects of hydro- 


static loads on the rock. 
Hydrostatic loads prevent same rocks from 


yielding as easily as they do when drilled at or near the surface (this 


is important only at depths belo"'4,000 ft). 
The work of Eenick, Cunningham, 


and others in this field has recently been described in AIMME papers and 


in the oil field trade journals. 
(See Bibliography, item 1.) 
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Under good conditions, bit life can be in excess of 100 hours. 
In 


extremely hard rock, like some of the taconites in northern Minnesota, 


the bit life, through extensive research, has been extended from less 


than 100 ft in 1953 to 800 ft and more in 1958, at drilling rates up to 


17 ft per hour. 


In dry formations, air might be used more efficiently than water for 


circulation. It has proven to aid both cutter life and penetration rates. 


Development work on the rolling cutter has led to its wide acceptance 


as a drilling method for all kinds of rock (Bibliography, item 2). 


HOW ROLLING CUTTERS WORK 


I would like to isolate for a few minutes the tooth on a rolling 


cutter and its action on a rock formation. 
Figure 1 shows a tooth applied 


to a rock with sufficient force to make the rock yield. ·The amount 


of force applied generally determines the volume of chips made. 
The vol- 


ume increases at a greater ratio than the ratio of any increase in applied 


thrust. 
One can readily see that thrust is important to the efficiency of 


a drilling operation. Drilling performance also varies with every type of 


rock. 
Proper technique and cutter selection are necessary to drill each 


type efficiently. 


Figure 2 shows a rock pattern made by a soft-formation rock bit on 


soft limestone. Notice the tooth impressions. 
Large size chips were 


made by a minimum number of fairly large slender teeth contacting the 


rock. Drilling rates in soft rock with oil field bits having the proper 


tooth structure often exceed 100 ft per hour. 


Figure 3 shows a pattern made by a medium-hard formation rock bit. 


The rock is marble, which is firmer than the limestone in Fig. 2. 
The 
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chips were smaller. Cutters to drill this type of formation generally 


have more and stouter teeth than those for soft formations and perform 


best when used with heavier drilling weights. 


Figure 4 shows a pattern made by a hard formation rock bit 1D 


quartzite, a high-strength abrasive rock. The chips were small. Cutters 


to drill hard abrasive formations have many stout teeth and require the 


most thrust for efficient drilling. 


Figure 5 shows a test which measures wear on a tooth and the amount 


of rock removed. 


SHAFT SDKING 


Since 1953 there has been an accelerated amount of development work 


on rolling cutters for holes larger thaD those generally drilled by the 


oil industry. Among these efforts were cutters developed by Hughes Tool 


Company for core drilling 6-ft diameter mine shafts. A core drilling 


machine to use these cutters was developed by the Coal State Construction 


Company 1 now the Zeni-McKinDey-Williams Corporation of Morgantown, West 


Virginia (Bibliography, items 3 and 4). 


Figures 6 and 7 show the original Zeni core drlll which to date has 


s~ fourteen 6-ft diameter shafts to depths of 300 to 6oo ft. 


Figure 8 shows drilling data from one of the earlier shafts made by 


Zeni. 


Figure 9 shows a recent development by the Hugh B. Williams Manu- 


facturing Company for the Zeni-MCKinney-Williams Corporation. This is 


a "full hole" drilling unit. It is presently undergoing its initial 


test, drilling two 75-in. diameter holes 500 ft deep into a coal mine 


near Beckley, West Virginia. 
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Figure 10 shows schelllatical.ly the dr1W,ng vessel which ~ulicall.y 


anchors to the wall ot the hole and applies 4oo,ooo lbs ot thrust to the 


cutters. It weish& 20 tons. The anchor shoes and ~ulic thrust Jacks 


are controlled fran the surface and a1lowa 5-tt stroke. Drillillg rates 


have been in excess ot 5 tt per hour ill medi\llll-hard s&Ddstones and lime- 


stones &Dd 3 tt per hour in bard quartzi tea. We do not know what the 


11111 t ter this type ot operation might be. 


Figure 11 is a schematic new ot the dr1l.l.1Dg operati011. A 12-1/4 111. 


d181leter pilot hole is drilled down into an existillg llliD.e entry. Cuttings 


tall tb.roush this pilot hole into the mine tor later ~al. 


l'igure l2 shows the surface rig used. to drill the pilot hole aDd to 


place the vessel 1nto the hole. At tint the rotary table vas used to 


dr1 ve the vessel through a drill stela. Recently llOtors to provide rota- 


tion have been placed directly on top ot the vessel. With this change 


the vessel can ultimately be lowered or taken :traR the hole with a wire 


rope rather than by band 11 ng a long drill at•. 


l'igures 131 14 IUid 15 show the new Zen1-McXen.ney-Will1us portable 


drilliDS assembly being readied tor llOViDg. The entire assembly can be 


set up tor dril.liDg or torn down tor movillg ill 4 to 6 hours. 


Figure 16 shows a Cal.yx dr1l.l1ng aystea. The Calyx basket above the 


bit collects the cuttillgs. The basket 8Dd bit are withdraw tor removal 


ot the cuttinp. 


l'1aure 17 is a View ot a Calyx ayat• plazmecl tor drilling a large 


hole to Boo tt deep 1n aran1 te. Inatelld ot a short basket 1 a 25 tt or 


louger basket uy be used. The cuttings collected 1n the baaket v1ll 


sl.ichtl.y increase the dr1l.l1Dg tbruat. 
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Figure 18 shows a reverse circulation set-up. Mud is allowed' to 


flow down the hole annulus and is pumped out through the drill stem either 


by pump, air lift, or eductor. This system can be used in weak or water- 


bearing formations. The rig shown has a rotary table high enough for 


large bits and other equipment to be moved in and out of the hole easily. 


Figure 19 shows a reverse circulation drilling rig in Europe which 


is producing 1500 f't deep holes 25 f't in diameter through successive 


stages of reaming. 


Figure 20 shows a machine now in use in Europe. A small 8-in. pilot 


hole is drilled from a mine entry upward to the surface. A drill stem 


through the pilot hole is then used to pull a 32-in. bit down in a reaming 


operation. Drilling from below provides an effective method for removing 


cuttings, which drop and are deflected into mine cars. A pull-down opera- 


tion of' this type simplifies equipment that can develop sufficient thrust. 


This can be done in reverse as shown in Fig. 21. 


Figure 22 shows a boat pier construction system--an unusual experi- 


ment presently being developed with the British. Rolling cutters normally 


used for core drilling are mounted on the bottom of' large-diameter casing. 


The.casing is then used as a drill stem. After the desired depth is 


reached, the casing with the cutters is cemented in place. 


TUNNEL DRIVING MACHINES 


No completely successful hard-rock tunneling machine has been built 


for large diameters. 
We feel, however, that the rolling cutter appli- 


cation will be as helpful to the tunneling industry as it has been to 


the oil well drilling industry. 


Tunnel drivers have been successful in soft formations but all efforts 
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so tar in hard rock bave been generall.y Ul:lderpowered, la.cld.Dg in thrust 


capacity, and have bad cutter designs which would not stand up. 


Figure 23 shows a 42-in. model of a hard-rock tunnel driver about 


to be field tested. Froa this, machine design criteria will be developed 


tor an8-to 12-tt machine. 
Frcllll intomation alre~ developed it is be- 


lieved tunnels in these diameters in auy rock will be d.r1Ued 2 to 3 


tiaes as fast as by conventional means and at equal or lower costs. 


Twmels drilled vi th rolling cutters would bave the tollow1ng 'advantages: 


1. Higber rate ot advance 


2. Less disturbance to wall (see Fig. 24) 


3. Less twmel JD&intenance 


4. Less ovel"break 


5. Sa.tety 


6. Less labor and overhead 


Scae disadvantages would be: 


1. High equipment cost 


2. Ditticulty in makiDg turns 


3. Lillitationa on shape 


4. B\ll.lq equi:.-ent ditticult to IIOVe 


Figure 25 shovs a burn hole operation. The center is drilled with 


a coDVentiOD&l.-type oil field bit. A -'UIIbo dr1ll.s the ....U BUrl"OUIJdiDg 


powder holes. 
ShootiDg with this arr&Dgsent general.ly provides better 


advance per 1"0\\Dd &DCl better trapentation. 


Conaolidatecl Bdison Co. ot llew York has developed the wacb:S»e 8bown 


t.n Fig. 26 tor drilling up to 42-in. diueter horizontal. holes into hard 


rock. The machine is being used by- Boring, Inc., another New York compan)", to 


,e 
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drill horizontal holes under New York City and other locations in the 


state. It is capable of developing up to 200 1000 lb thrust. 


Research and development work is progressing at a good rate, and we 


plan to continue to further demonstrate the practical applications of 


rolling cutters to drilling large holes. 
We have in the planning stage 


a number of ideas that may be practical for hole requirements larger 


than those discussed in this presentation. The proposed hole diameter, 


the type of rock structure, and the formation conditions would greatly 


influence the design and construction of the drilling equipment. 
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FIGURES 


1. Rock yielding under rolling cutter tooth. 


2. Pattern made by soft-formation rock bit on soft limestone. 


3. 
Pattern made by medium-hard formation rock bit in marble. 


4. Pattern made by hard-formation rock bit in quartzite. 


5. Test measuring tooth wear and amount of rock removed. 


6. 
Six-inch diameter core drilling machine. 
Mining Branch, .AIME. 


R-341 
3-26-59 
619 


7. 
Zeni shaft sinking machine, showing details of cutter and operator's 
platfonn. Mining Branch, AIME. 


8. Drilling data from a shaft sunk by Zeni drill. Mining Branch, AIME. 


9· Full-hole drilling unit. 
Zeni-McKinney-Williams Corp. 


10. 
Schematic diagram of shaft drilling machine. 


11. 
Schematic view of drilling operation. 


12. 
Surface rig for drilling pilot hole. 
Zeni-MCK1nney-Wi11iams Corp. 


13-15. 
Views of new Z-M-W portable drilling assembly being readied for 
moving. 
Zeni-McKinney-Williams Corp. 


16. 
Calyx drilling system. Construction Methods and Equipnent, McGraw-Hill 
Co. 


17. 
Calyx system for drilling large hole in granite. 


18. Reverse circulation set-up. 


19. Reverse circulation drilling rig. 


20. 
Machine for drilling from below through pilot hole. 


21. 
Pull-down operation carried out from above. 


22. Boat pier construction system. 


23. 
Front end of 42" tunnel machine. 
Hugh B. Williams Mf'go Co. 


24. 72" hole, looking upward. 
Zeni-McKinney-Williams Corp. 


25. 
Burn hole operation. 


26. 42" tunnel machine. 
Consolidated Edison Coo 


' 


1000 LBS. t 


Fig. I 


Fig. 2 


' 


5000LBS. t 
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Fig. 3 


Fig. 4 


Fig. 5 


Fig. 6 
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Fig. 7 


PROGESS DATA-SHAFT N0.6 


DIAMETER 
75 


DEPTH SHAfT FEET 
464.8 


DEPTH DRILLED FEET 
452.5 


TOTAL ELAPSED DAYS (SINGLE SHIFT) INCLUDING HOLIDAYS 
79 


TOTAL DRILLING DAYS 
55 


fEET PER HOUR INCLUDING DOWN TIME 
0.93 


fEET PER HOUR DRILLING TIME ONLY 
3.14 


fEET PER 8.8 HOUR SHIFT 
8.23 


FEET PER SET Of CUTTERS 
51.9 


FEET DRILLED PER TRIP 
3.62 


TRIPS PER SHIFT 
2.27 


(DATA COMPILED BY ALBINO ZENI fOR JOB AT BUNKER MINE NO.2, 
TROTHR COAL CO. AT CORE, WEST VIRGINIA,- SHAFT COMPLETED 8·15· 56.) 


Fig. 8 


Fig. 9 


Fig. 10 
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Fig. II 


Fig. 12 


Fig.l3 


Fig.14 
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Fig. 15 


Fig. 16 


Fig. 17 


Fig. 18 
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Fig. 19 


Fig.20 


·.···~ 


Fig. 21 


Fig. 22 
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Fig. 23 


Fig. 24 


Fig. 25 


Fig 26 
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LARGE Tt.JNBEL MACHINES 


Richard J. Robbins 


James s. Robbins and Associates 
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Until the introduction of black powder from China, most tunnels were 


driven by continuous operation, that is, hammers, picks and shovels. 


Another ancient method of rock breaking was sudden quenching of a heated 


rock surface. This marked the beginning of a trend to a cyclic mining 


or tunneling operation. 


Today 1 normal tunneling follows an operating cycle made up of the 


following steps: 


l. 
Set up and drill 
2. 
Load and blast 


3. 
Ventilate 
4. 
Bar down loose material and muck out 
5. 
Timber and lay tracks 


The cyclic mining method has been mechanized and improved to the 


point that, today, it is possible for a highly proficient crew to 


complete 3 cycles in one shift and, under good condi tiona 1 a tunnel 


crew can complete 50 to 6o feet in 3 shifts. 


In recent years there has been a revival of "therma.l 
11 methods of 


rock breaking in the form of jet piercing and sonic and ultra-sonic 


pulsing of atomically disassociated gases, such as fluorine. 


Pacing this revival of ancient tunneling methods, James s. Robbins & 


Associates have gone back even f'urther than the thermal breakdown. of 


rock, to mechanical methods. 
We have developed continuous mining and 


tunneling machines that have made substantial improvements over the 


highly developed cyclic methods commonly used. 


Many of the advantages of the continuous mechanical method are 


obvious. 
I shall describe some of the more important ones. 
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1. Safety. Frequently a bored tunnel requires no root or wall 


support. Even in very bad ground a minimum of roof bolting and timbering 


is required. 


2. Save on outbreak. A tunnel can be bored to a size within an 


inch or less of actual required dimensions, resulting in large savings 


on grouting or concreting. It is also possible to remain precisely on 


line and grade. 
CoDIIIIOn outbreak in blasted tunnels is from 9 to 10 in. 


This will increase the concreting cost by as much as 100 per cent over 


that on a smooth bored tunnel. 


3. 
Lower labor cost. A much smaller crew is required to bore a 


tunnel than to drill and blast one. 


4. Rapid tunnel advance. 
Even our first applications of the 


continuous boring technique have resulted in tunnel advances far exceed- 


1ng those ever attained by the use of blasting. 


5. Improved haulage. 
Because a bored tunnel can approach a 


continuous operation, a more efficient method of haulage can be acquired. 


6. No property d.amage liability. Continuous tunnel boring elimi- 


nates the blasting claims in industrial or residential areas. 


Some present disadvantages of the system are: 


1. Possible limitations as to the type of rock that can be bored. 


Hard and flinty, or tough and fibrous formations such as tachanite, 


some basalts, grani tea and other igneous rocks might remain beyond the 


capability of our Mechanical Moles. 
These rocks comprise a very small 


percentage of the earth"s crust. 


2. Higher initial capital expenditure. Generally, this machine 


must be amortized on the single proJect for which it was built. UntU 
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we can supply some machines on a rental basis, their use on very short 


tunnels will not be economically feasible. 


3. Working on a curved tunnel bottom. This is a disagreeable 


problem in a small tunnel. 
We are now developing a machine which will 


modify the circular cross section to one ot an oval or semi-horseshoe 


shape, where those shapes might be of advantage. 


Many of the ideas that led to the development of the Robbins 


Mechanical Mole are not new, but the tact that they have been employed 


with economic success is new. 
I shall review a brief history of the 


development ot the Robbins tunneling machines. 


A continuous mining method has intrigued man since his first efforts 


at underground excavation. 
An outstanding effort took place in England 


in the 1870's. A machine, the McKinlay entry driver, was built and 


actually bored a mil.e of tunnel. in chalk. This was the proposed Engl.ish 


Channel Tunnel. 
Had such materials as borium and tungsten carbide been 


available at the time, the venture probably would have been an economic 


success. 


While Mr. Robbins was working as a consultant tor a group of coal 


mine operators in southern Illinois, he came across a McKinlay Miner 


which had been abandoned as an impractical idea. This machine seemed 


to have some basic design advantages over the Joy and Jeffries machines 


being developed at that time. 
Mr. Robbins,• ideas tor developing a 


continuous miner of the McKinl.ay-type proved highly successful. The 


Marietta Mtg. Co. built several of these machines, which became lmown 


as the Marietta Miner. 


In 1952 the patents for this machine were sol.d to the Goodman 
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Manufacturing Company of Chicago. 
Mr. Robbins worked for the Goodman 


Company as a consultant, redesigning and developing the Goodman Miner, 


which in some instances 1 more than doubled the daily production of any 


other mining machine or method known. It soon became possible for a 


Goodman machine, with one operator and one helper, to average over 2000 


tons of coal per day on a two-shif't operation. Thus, one machine now 


produces as much as a large size coal mine in the past. 


The success of this type of machine in coal led to the attempt to 


use it f'or slope-driving in rock. 
Two 28oo-ft long haulage ways were 


to be driven at a down-grade angle of 1~ degrees. 
These twmels were 


successfully driven through sediments ordinarily requiring drilling and 


blasting. The disc cutter was developed in the process of' driving these 


tunnels. 


It was f'ound that rock, being su:tticiently harder and less brittle 


than coal, required a disc cutter to be rolled on the rock surface 


between the kerf's cut by the f'ixed cutters. This disc cutter action 


was similar to that of the disc used in a glass cutter. 
The disc creates 


point pressure at the rolling contact of' the disc on the rock, spalling 


the rock outward, toward the kerfs. The use of the disc cutters reduced 


the power requirements, increased the penetration rate and produced good 


chip size. 


Another of' these machines vas used to drive a tunnel in shale under 


the Arkansas River. In the early stages, only the very softest f'orma- 


tiona were bored w1 th economic success 1 and the econom,y ot the formation 


to be bored would not stand up well enough tor blasting. 


Development of the Robbins Mechanical Mole 
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Early in 1954, the Mittry Construction Company of Los Angeles secured 


a contract for driving the Stage 1, 25 ft 9 in. diameter tunnels for the 


Corps of Engineers Oahe Dam Project in Pierre, South Dakota. Mr. F. K. 


Mi ttry decided that a mechanical mining method could be used to advantage 


in the Pierre shale and Crow Creek marl formation. 
James s. Robbins & 


Associates were given the job of developing the design and building a 


machine. 
The engineering and design of the 125-ton machine cost approxi- 


mately $85,000. 


After an extensive "debugging" process, the Mittry machi.D.e, cODIIIIOUly 


referred to as the ''Mi ttry Mole 1 " began setting tunneling records and 


cutting costs of excavating to an unprecedented degree. 


The Oahe Dam job involved many complications, due to the especially 


bad roof conditions and stringent safety regulations of the Corps of 


Engineers. The specifications required that rolled H-section ring beams 


be installed to support the walls and roof of the tunnel every 4 ft. 


This meant that we had to mechanize the installation of the ring beams 


to keep pace with the advance of the tunnel boring machine. Also, part 


of the tunnel was to be driven on a gradual curve and it was necessary to 


keep absolutely on sites. The specifications would permit the rings to 


be not more than 1 in. out of alignment, sideways or vertically. It was 


required that the tunnel remain at all times at 95 per cent humidity to 


prevent deterioration of the rock wall, and a ~ ft thick concrete lining 


had to be placed over the original exposure within 30 days. It was 


necessary to stop the tunneling operation periodically and follow up with 


the concrete lining. 
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The Mittry crew accomplished wonders in coping with these handicaps, 


and their best 8-hour shift produced ~l ft of bored and re-inforced 


tunnel. In an engineering time study' the operation was observed for six 


consecutive shifts. The average progress per shift was 4o.5 ft. However, 


the total operating time was only 51 per cent of the possible operating 


time. 
The 49 per cent down time was due primarily to resetting the 


propelling Jacks, inability to supply the material to the machine, cave- 


ins of the roof and face ahead of the ring beams, and an overloaded conveyor 


system. 


Power consumption averaged about 200 BP or 45 per cent of capacity. 


The number of fixed cutter bits consumed was 362, or about 1.5 


bits per foot of tunnel. 
No disc cutters were consumed. 
The operation 


required seven men, including a superintendent. In addition, 15 men 


were required to place the ring beams, weld them and gunnite. The entire 


crew inside the tunnel, and a supporting crew outside the tunnel for 


service and muck haulage, was 29 men. 
This tunnel crew drove 635 ft in 


a six-day week. 
With a more adequate haulage system and better roof 


support, this rate of advance might have been doubled. 
The machine 


actually bored trom 8.5 to l2 ft per hour while it was operating. 


Thus far, James S. Robbins & Associates have bull t seven tunnel 


boring machines. As our confidence grew in our tunneling method, we 


tackled Jobs involving harder rock. With our early machines, we attempted 


to bore some rock which did not prove economically feasible until our 


later machines were developed. 


The fifth machine wilt was designed to bore severs in a hard 


Chicago limestone ot 18,000 .. 24,000 psi compressive strength. With 
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this machine, it became quite evident that the fixed cutters were not 


suitable for cutting the harder formations. 
While the tungsten carbide 


inserts are hard enough to cut the rock, the drag-type tool bits were 


subject to excessive shock loading, and it was impossible to keep the 


carbide inserts in the tools. 


Our sixth machine, 10 ft 9 in. diameter bore, was built for the 


Foundation Company of Ontario and is nov boring the sewers under the 


city of Toronto. This machine is cutting shale interbedded with well- 


cemented sandstone and hard crystalline limestone. 


The Toronto machine marked our second major breakthrough in cutter 


tool design. Previously, the replacement of fixed cutters was a major 


cause for down time and the highest replacement part cost. The disc 


cutters were so arranged as to eliminate the drag-type fixed cutters 


except for a small number in the centra]. portion of the cutterhead. 


Although the machine was supplied vi.th fixed cutters and discs, it was 


found that when the fixed cutters were removed the machine would bore 


the rock at the same rate with discs alone. 


The Toronto machine, which weighs 65 tons, and cost about $1751000 


is advancing at a rate comparable to the larger machines in the soft 


Pierre shale. This machine is cutting rock which is harder than many 


of the rocks which early machines could not cut economically. Perform- 


ance data and actual cutting rates of Model #131 are under a cover of 


industrial security at this time and cannot be released. 


Our seventh machine, designed and built for Morrison-Knudsen-Kiewit- 


Johnson, was just completed and assembled at the job site last month. 


It has not been operating long enough to give us more than an indication 
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of its capabilities. 


After going through a minor "debugging" process, the machine got 


under way, boring into very messy rock with threatening roof conditions. 


The machine has mined at the rate of 12 ft an hour for short periods, but 


has had to slow up for conveyor and skip hoist problems since the material 


handling crew is not thoroughly broken in. 


This is the third big machine that has been delivered for the Oahe 


Dam Project, but it is different from the first two machines in many 


ways. 
The machine is capable of placing the ring beam supports closer 


to the tunneling face and it has a front end, sideways and vertical 


adjustment which keeps the machine on sites and helps make shorter-radius 


turns. 


Unlike the first two Oaha machines 1 the cutterhee.d on this Model 


#351 is a single unit rotating in one direction. This reduced many 


mechanical problems in design and fabrication. 
On the smaller machines 1 


the torque reaction for the cutterhead which turned in one direction was 


taken up by the side wall gripping shoes. On the Model #351 1 the dead 


weight of the machine and Jumbo, supported by the Dollies, supplies the 


reaction. The machine is removing 4 to 5 cubic yards of in-ple.ce rock 


per minute, and when the operating and supporting crews are well-seasoned 


they will be able to sustain this rate over a ~ong period of time. 


Present Improvements and Future Developments 


James S. Robbins & Associates is now designing a more versatUe 


machine which wUl be able to t\mnel through almost any type of rock 


that might be encountered. 
OUr present proven capabUity includes all 


of the softer torations and most ot the harder sedimenta.ry rocks such 
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as hard limestone 1 sandstones and mudstone. 
These rocks comprise about 


75 per cent of the earth's crust. About 65 percent of the dry surface 


of the earth is made up of shales 1 all of which are well w1 thin our 


capabilities. 
We believe our present machines are now capable of cutting 


many of the metamorphic rocks and some of the softer igneous rocks. 


Improved cutter designs and layout configurations have been drawn up 


but not tested. 


Costs and Performances 


The Robbins Mechanical Moles have cost from $1501 000 to $500 1000 1 


depending on the size and special requirements of the rock and tunnel 


design. A 15-ft diameter machine might cost between $2501000 and 


$350,000. 


Our machines have progressed at a rate of 10 to l2 ft an hour in 


the hardest formations we have encountered, and we can see that in softer 


formations with adequate haulage systems and no problems in roof support, 


tunneling rates of 20 ft an hour may be obtained. Average rates of 


progress, regardless of the size of the tunnel, have been between 30 to 


50 ft per shift. 


Bit consumption costs, which were at one time a major factor, have 


been virtually eliminated since our switch to an all-disc cutter config- 


uration. 
An early machine bored four l8oo-ft tunnels and required the 


replacement of only six discs, and these due to seal failure on the 


bearings and not to excessive wear on the disc edge. 


When using a Robbins Mechanical Mole, general excavation costs can 


be based primarily on the cost of the labor and power, and write-off of 


the cost of the machine. 
A machine for a 12-ft diameter tunnel might 
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cost $200,000. For a 5000-f't tunnel, using an average rate of advance 


of' 5 f't per hour, the excavating costs would run about $11.50 per cubic 


yard or $48.00 per foot. Since the major cost is write-of'f on the 


machine, these costs, for a 101 000-ft long tunnel, would drop to about 


$6.75 per cubic yard or $28.00 per foot of tunnel. This includes the 


labor cost of a five-man crew, but does not include haulage or roof 


support labor, or equipment. This bit of' "horseback" engineering 


indicates a boring machine can be used economically, and amortized, even 


on short tunneling jobs. In addition to savings on excavation costs, a 


bored tunnel of 12-f't diameter will save an average of' one yard of' 


concrete per f'oot of tunnel, depending on the expected outbreak in a 


blasted tunnel. 


Large-Bore Vertical Shaft-Sinking Machines 


If a Robbins Mechanical Mole is upended and supplied with a suitable 


conveying system, it might become known as a Robbins Continuous Shaft- 


Sinking Machine. 
This oversimplifies the design of a shaft-sinking 


machine, but several designs for both continuous and intermittent shaft- 


sinking machines have been made. 


The possibility of many defense missile launching sites involving 


underground installa tiona has sparked the development of several new 


shaft-sinking methods. Recently, James s. Robbins & Associates applied 


for patents on methods which would allow a mobile unit, including a 


shaft-sinking machine, to be quickly towed to the site, positioned and 


begin operation. This machine should be capable of sinking shafts at 


about the same rate that our tunneling machines bore tunnels, and at 


about the same cost per foot. A shaft 150 ft deep might require several 
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days to sink. The machine would then be quickly retracted and rolled 


off to the next shaft site. 


We have just prepared cost estimates on using a continuous shaft- 


sinking device for a contractor bidding on an Air Force Titan installa- 


tion in Colorado. This one machine would bore tunnels varying in 


diameter from 10 ft to 45 ft. 


Just as airplanes, ships and automobiles have given man mastery 


of the surface of the earth, tunnel-boring machines and shaftJsinkers 


will give him access to the subterranean world. It is our aim to 


provide machines which will supply the ever-increasing demand in mining 


and construction of underground facilities. 
We expect to play a ~jor 


part in mechanizing the excavating industry. 


DISCUSSION 


MR. WILLIAM W. PLEASANTS (RCA, Moorestown, New Jersey): 
I think you 


said you were not able to cut through granite. 


MR. ROBBINS: 
We haven't attempted it yet. Each of these machines 


that we have built has been built for a specific job. Unfortunately, the 


contractor has not loaned them back to us for a month or so to test them 


in any different kind of rock. 
We can base our ability to cut certain 


types of rock only on laboratory tests. 
We believe that as soon as we get 


a chance to bore some of the harder rock, we will be able to prove our 


capability in them. 


,e 


FIGURES 


1. McKinlay-type mining machine used in Illinois coal mine. 


2. Marietta Miner Mr. Robbins developed in 1947. 


3. Marietta Miner. 


4. 
1 Goodman 500 t • 


5. Curved adi t in coal seam. 


6. Coal face cut by Goodman Miner. 


7. Entry to haulage way--first attempt at rock boring. 


8. Lower right--disc cutters put on Marietta Miner. 
Center--disc cutter put on first tunneling machine. 


9· Disc cutter of type now being used--fixed cutter also shown. 


10. Cutterhead of model 910--first rock-boring machine. 


11. Front view of 910. 


12. Model 910. 
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13. Cutterhead w1 thout buckets, being removed through reinforced tunnel; 
Model 910. 


14. Concreted tunnel--wood floor will be removed. 


15. Sectioned drawing of Model 101--the Pittsburgh Machine. 


16. Model 101 in shop, without side-gripping shoes. 


17. Pittsburgh Machine starting to tunnel. 


18. Pittsburgh tunnel face--contact of shale and limestone. 


19. Model 131--Toronto Machine. 
The Foundation Company of Ontario, Ltd. 


20. Model 131. The Foundation Company of Ontario, Ltd. 


21. Operator's console--Model 131. 
The Foundation Company of Ontario, Ltd. 


22. Toronto tunnel face. 


23. Roof support at Toronto. 


24. 
Half of cutterhead on Model 351 (being fabricated). 


R-341 
3-26-59 
648 


25. 
Half of cutterhead support. 


26. Assembling cutterhead on cutterhead support for testing. 


27. Final assembly of cutterhead on machine. 


28. 
Operator's console of Model 351--42 controls. 


29. 
Model 351 completely assembled. 


Fig. I 


Fig. 2 
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Fig. 3 


Fig. 4 


Fig. 5 


Fig. 6 
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Fig. 7 


Fig. 8 


Fig. 9 


Fig. 10 
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Fig. II 


Fig. 12 


Fig. 13 


Fig.l4 
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Fig. 15 


Fig. 16 


Fig. 17 


Fig. 18 
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Fig. 19 


Fig. 20 


Fig. 21 


Fig. 22 
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Fig. 23 


Fig. 24 


Fig. 25 


Fig. 26 
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Fig. 27 


Fig. 28 


Fig. 29 
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INTRODUCTION 


ADAPTATION OF MINING ~reTHODS 


R. L. Loofbourow 
Consulting Engineer 
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Drilling and blasting are the conventional means of breaking rock in 


underground openings. 
The mining methods to be discussed in this paper 


have all been used on one job or another. 
The adaptations and combina- 


tiona which will be suggested are selected from a great variety, as being 


particularly apt to meet the requirements of protective underground con- 


struction at low unit costs. 


In the introduction to this session, your attention was directed to 


the diversity in the physical properties and conditions of rocks. The 


range in unit excavating costs is at least as great. Even in good, sound 


rock excavating costs can run as great as $30 or $40 in tunnels of small 


cross-section and as little as $1 per cubic yard in quarries. Quarry 


methods cannot be brought directly underground, principally because ( l) 


each foot of underground advance has to be broken out of a "solid," con- 


fined face of rock, ( 2) underground faces and working places are always 


more confined than their counterparts in quarries and ( 3) underground 


roofs and wa.J.ls must usually be sufficiently stable for men and equipment 


to work safely beneath and very close to them. 
Underground methods which 


resemble quarrying to some degree are available and are capable of low- 


cost production. 


DRILL ROUNDS IN HEADINGS 


Underground openings such as tunnel headings are usually advanced in 


cycles of drilling, blasting and loading. Blast holes are drilled in 
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''rounds" of holes, designed to break an increment of advance to the 


planned cross section. 


Figure l shows a 36-hole round designed to break 7 ft in a hard, 


massive rock like granite. Numbers against the holes show the order in 


which they are to fire. 
This is called a "V -cut" round because the 


first holes, marked 11 2, and 3, tear a wedge-shaped block of ground 


from the center of" the face. Later holes progressively widen this 


initial opening. 


Figure 2 shows a 50-hole round designed to break 15 ft in a similar 


hard massive rock. This is called a "burn-cut" round because the con- 


centration of" explosive is sufficient to shatter and eject the rock 


adjacent to a relatively large unloaded center hole, thus producing an 


initial opening in the shape of a rectangular prism. 


Figure 3 shows a 38-hole, V-cut round designed to break 12 :f"t in a 


bedded limestone. 


Study of" drill ro1mds shows that (l) per foot of hole or pound of 


explosive, more yardage can be broken in headings of" large cross section 


than in small ones, (2) per foot of hole, more yardage can be broken in 


a bedded rock than in a massive one, and (3) in large or small headings, 


whether in massive or bedded rock, same 25 per cent of" the drilling and 


explosive are expended in making the initial opening or "cut," which 


breaks only 5 to 6 per cent of" the yardage of" the round. 


It is common experience that larger chunks are produced in large 


headings where the hole spacing is greater than in small ones. Because 


work is concentrated, it is necessary that loading and hauling equipment 


be able to handle the largest chunks regularly produced. 
Use of the 
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largest possible equipment eases this limit on the efficiency of drilling 


and blasting, but even in the largest headings it is usual to drlll holes 


only 1. 75 in. to about 2.5 in. diameter, and to space them 3 to 6 f't. 


Quarries commonly use 6- to 9-in. holes spaced 15 to 25 f't. 


To keep equipment productively employed as much as possible, rather 


than moving into and out of' working places, it is an advantage to break 


deep rounds. In the largest headings 1 20 to 25 :f't may be a practical 


limit. 


Beds of' strong sedimentary rock such as limestone may be separated 


by shaly partings. Where the strong beds are thin relative to the size 


of' the opening, these natural weaknesses not only allow rounds to be 


broken with :f'ewer holes and less explosive, but also tend to reduce the 


size of' the chunks produced. Partings inf'luence the shape of' the opening 


f'or better or worse. Strong partings near the roof' elevation may make it 


impractical to arch the roof', but if' the partings are horizontal they may 


help to f'orm a smooth, f'lat roof' and f'loor. Fractures and cleavage in 


crystalline rocks help breaking, usually to a lesser degree, but are 


almost always irregular or at angles so that their e:f':f'ect on the shape 


of' openings is generally bad. 


BENCHING 


Benching, illustrated in Fig. 4, is an adaptation of' quarry methods 


to underground work. 
Af'ter an entry of' suitable width has been driven, 


and its roof' treated as may be needed :f'or stability, the f'loor of' the 


entry is drilled with vertical or inclined holes and blasted. By using 


coupled drill rods and hard metal bits, bench holes may be drilled e:f'f'ec- 


tively to depths as great as 100 ft. Benching a:f':f'ords the following 
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advantages: 


l. drills may work far enough back on the bench that they 


do not need to be moved for blasting; 


2. 
shovels and trucks work without interference from other 


equipment and without interruption, except that shovels must be 


moved back for blasting; 


3. 
good ventilation can be maintained in long rooms w1 thout 


the use of ducts, small blowers or doors in haulage ways; and 


4. to the limit set by the capacity of loading and hauling 


equipment to handle large rock, the drill pattern may be varied 


for greatest efficiency. 


LONGHOLE STOPING 


This method, illustrated by a diagrammatic cross section on Fig. 5, 


is another underground mining method used in strong rock. It has some 


of the advantages of quarrying. Preparatory work consists of undercutting 


the block to be mined with a series of inverted cones or funnels through 


which the broken rock is drawn for loading, and in which large chunks may 


be blasted. Long blastholes are drilled in vertical rings from drilling 


drifts on the edges of the block to be mined. A vertical "slot," not 


shown in the illustration, is opened over the ~ 
cross section of the 


stope and forms a large "free face." Retreating from the slot, vertical 


slices are peeled off by successively blasting rings of longboles. Broken 


rock falls into the draw points at the base of the stope. Note that all 


work is done in small openings. No one needs to enter the large stope. 


Blastholes are carefully aligned, but no trimming or other stabilizing 


is done. 
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The amount of preparatory vork required makes longhole stoping un- 


attractive for openings less than about 150 ft high. Where strong, tight 


rock extends for several hundred feet vertically, openings of this type 


should be useful for storage of fluids. 
Such storage could be at high 


pressure if depth were chosen appropriately. 


PARALLEL, ADJACENT HEADINGS 


In a single tunnel heading, all effort is devoted to a single pur- 


pose, to advance the heading. Much of the equipment and often some labor 


stands by through parts of the cycle of drilling, blasting, and loading. 


Each of these main steps includes other chores such as trimming loose rock 


and cleaning up after blasting, which are rushed or overlapped with other 


work. 


If a number of parallel, adjacent headings are worked, as shown by 


Fig. 6, each step may be performed more efficiently. Adequate ventUation 


can be provided more quickly and at less expense to a number of parallel 


adjacent headings than to the same number of single, isolated headings. 


Under such a plan, the two relatively narrow entries near the top and 


bottom of the illustration would be driven first and then the parallel 


rooms between them. 
Access 1 haulage and services would be supplied through 


the entries. 


PILOT HOLES 


In his paper 1 "Large Diameter Boring," Mr. Haspert told you of boring 


holes 2 1 3 or 4 ft in diameter, rapidly and at reasonable unit costs even 


in hard rock. In this paper it was shown that it costs five or six times 


as much to break a unit of rock from an initial opening or "cut" as to 


break the remainder of a heading round. Referring again to Fig. 6, 
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consider the possibility of boring pilot holes between the two entries, 


more or less on the center line of each room. Pilots for the first group 


of rooms could be drilled from small "turn-offs" made as one of the entries 


is advanced. The pilots would serve as a prefabricated "cut." If they 


were placed near the roof1 it should be ~ossible to keep them open for 


rapidly removing powder fumes after blasting. 


SMOOTH BREAICING 


Figure 7 is a grim example of the ragged, shattered roof and walls 


which may result from ordinary blasting in a rock with cleavage and some 


jointing~ The illustration shows a draw point under a longhole stope. 


The original irregularities have undoubtedly been accentuated by concussion 


from blasting chunks brought down from the stope. 


Figure 8 shows almost plane roof and :floor :formed by care :fully mining 


to regular partings in limestone beds. It may be noted that the walls tend 


to slab, perhaps as the result of pressure imparted by 2300 ft of overlying 


rock. Incipient slabs may be seen near the center of the left-hand wall. 


It is difficult or impossible to make entirely satisfactory surfaces 


in rock which has strong, irregular defects, but gratifying results can be 


achieved in some circumstances. The tunnel of Fig. 9 is in graywacke with 


a strong cleavage nearly vertical and at right angles to the axis. The 


irregular left wall and roof are part of the original tunnel driven con- 


ventionally. The right wall has been widened by blasting horizontal long- 


holes, parts of which may be seen almost continuously along the wall. 


The astonishingly smooth walls shown in Fig. 10 are the result of 


widening a tunnel in massive granitic rock by blasting horizontal longholes. 


Work was done with extraordinary care for the Corps of Engineers, who set 


up specifications to obtain minimal overbreak. 
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In outlet tunnels for Swedish underground pover plants smooth, stable 


valls have been made by blasting carefUlly aligned, comparatively long 


holes, vith explosive charges reported to be as light as Ool pound of 


explosive per linear foot of hole. 


APPROXIMATE COST OF EXCAVATION AND MINIMAL HAULIHG 


Accurate estimates of the cost of a specific job can be made only 


by detailed vork based on knovn conditions on that job. It has been stated 


that the range of natural conditions alone is large. 


Figure ll is presented as a rule-of-thumb guide. It also indicates 


the cost differences which may be expected in the types of excavation 


which have been discussed, in tvo types of sound rock. It is to be em- 


phasized that costs 1n these ranges are not to be expected except where 


a large volume of uniform vork is to be done. The unit costs of excava- 


11on in entrances and in openings of special size, shape or location vould 


be expected to exceed the costs indicated, in many cases greatly. Care 


has been taken to shov in some detail on the illustration, the conditions 


under vhich the costs are considered applicable. 


These data are based on analogies to several types of mining in 


hard rock and in limestone with allowance for somewhat higher mobiliza- 


tion1 equipment, and administrative costs and more allowance for contin- 


gencies than is needed on mining operations of very much longer life. 


HOISTING, CRUSHING AliD COBVEYIBG 


Observation of quarrying and appropriate types of mining shows that, 


except in rock with closely ·spaced defects, efficient excavating produces 


many large chunks. In the preceding discussion, it has been assumed that 
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rock is to be dumped at approximately the mining elevation and that 


trucks would be used over a comparatively short, nearly horizontal 


haulage-way. If work is to be done in a nearly level country, rock 


must be lifted by one means or another from whatever depth is required 


for protection or to reach a favorable rock mass in which to excavate. 


Entrances on gentle slopes are advantageous for dispersal and for 


the ease with which ordinary vehicles may enter or leave. Off-highway 


trucks haul with reasonable efficiency on grades up to 10 per cent and 


with less efficiency to 15 or 20 per cent. For work of only moderate 


volume, or for extensive work at a depth of only a few hundred feet, 


speed and simplicity favor the use of trucks alone. 


If work is at greater depth, or if a very large volume of rock is 


to be moved, rock might be hauled on the level to one or more underground 


points and raised to the surface in skips through vertical or inclined 


shafts, or by belt conveyors which operate with high efficiency and 


moderate operating cost at grades up to 30 per cent. Except possibly in 


inclined shafts, rock broken by the means discussed here would have to 


be crushed to be handled efficiently in presently used types of skips or 


belts. 


By rule-of-thumb, coarse, hard to moderately hard rock can be 


crushed and hoisted about 1000 ft vertically for $0.30 to $0.6o per cubic 


yard, whether in vertical shafts or on belts, including all operating 


costs and writeoff, but not including the cost of the shafts or inclines. 


It work is hurried to completion over a comparatively short period, cost 


is likely to be nearer the higher figure. As between hoisting vertically 


or on belts, the latter are likely to be favored where cost of power, 


power installation and labor are high. 


EXAMPLES OF APPLICABLE METHODS AND EQUIPMEBT 
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Figure 12 is a diagram of the u. s. Bureau of Mines Experimental Oil 


Shale Mine near Rifle, Colorado. Pillars are about 6o ft square and rooms 


are of the same width. 
The top headings are about 27 ft high. The floor 


is lowered in one or ultimately two lifts of about 23 ft each. Figure 13 


shows a four-machine, two-men jumbo used to drill heading rounds designed 


to break 15 ft. This marlstone has regular parting planes which, with 


careful mining, accounts for the smooth roof and floor. Figure 14 shows 


much of the other equipment used. 


Figure 15 is a cross section of the recent Stornorrfors Power Plant 


Outlet Tunnel in Sweden. 
The bottom is lowered by benching in two lifts. 


Two heading jumbos on this work are illustrated in Fig. 16. A battery of 


12 benching drills is seen in Fig. 17. This also shows a nicely arched 


and comparatively smooth roof. 


FIGL~S 
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1. 
36-hole round for massive hard rock, The Blaster's Handbook, copyright, 
E. I. duPont de Nemours & Co., used by permission. 


2. 
156 sq. ft. tunnel, 4-5/16 cylinder-cut, Swedish State Power Board. 


3· 
38-hole round, 12 ft. deep, used in bedded limestone, Tri-State Zinc 
Co., Ill., Reprinted from U. s. Bureau of Mines Information Circular 
7730. 


4. 
Diagram to show the use of benching to lower the floor of a tunnel. 


5. 
Vertical cross section of a longhole stope showing drilling pattern. 


6. Parallel rooms between two entries--dimensions appropriate to require- 
ments and rock. 


7. 
Opening of about 8• x 6• showing rough walls formed by ordinary blast- 
ing in a hard, crystalline rock (amphibolite) having cleavage inclined 
about 20 degrees from horizontal. 


8. 
Long room, about 32' x 46• in bedded limestone, Barberton, Ohio. 
Note 
plane roof and floor formed on limestone partings, Pittsburgh Plate 
Glass Co. 


9. 
Right wall broken by longholes drilled from slot opposite rear of 
loader; left .wall and roof are parts of origir~l tunnel driven con- 
ventionally. 
Highway tunnel enlargement near Valdez, Alaska, Gates 
and Fox Co. 


10. 
Tunnel in granitic rock showing clean walls broken by longholes drilled 
from a slot, the remnant of which is seen as a ring. 
Buford Dam, 


Georgia, Gates and Fox Co. 


11. Approximate total cost of excavating and minimal hauling. 


12. Diagram, U. s. Bureau of ~~nes Experimental Oil Shale Mine, Rifle, 


Colorado, Reprinted from u. s. Bureau of Mines Report of Investication 
4739· 


13. 
Heading Jumbo with 4 percussion drills, each adjustable as to height 
and angle. 
Oil Shale (Marlstone) Project, Rifle, Colorado. 


14. Foreground: 
3 yard electric shovel 
15 ton Euclid 


On Bench 
(background): 
Portable compressor-receiver unit, electric benching 
Jumbo with 4 percussion drills 


Oil Shale (Marlstone) Project at Rifle, Colorado. 
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15. Cross section of the Stornorrfors tail-race tunnel, Swedish State Power 


Board. 


16. Drilling platform in a 1720 sq. ft. tunnel, SWedish State Power Board. 


17. Drilling apparatus in tunnel, Swedish State Power Board, 1958. 
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38 Hole.Round, 12' Deep, used in Bedded Limestone 


Tri-State Zinc Co., Jo Daviess Co •• Ill. 
u. s. Bureau or Mines rnr. Circ. 7730 
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Dimensions appropriate to requirements and rrrck 
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Fig. 9 


Fig. 10 
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APPROXIMATE TOTAL COST OF EXCAVATING AND MINIMAL HAULING 


With large, adjacent horizontal underground openings in relation to cross 
section and type of work. 


Assuming: 
costs include only breaking, removal and needed services, rock uniformly 
sound, planning adequate and work uniform, volume and schedule of work 
allow nominal writeoff, procurement of labor and other items as in rural U.S. 
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U. S. Bureau of Mines Experimental Oil Shale Mine 
Ri tle, Colorado 
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Fig. 13 


Fig. 14 
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Fig. 16 


Fig. 17 


HIGH-SPEED, LOW-COST EXCAVATION METHODS 


J. J. Walsh and Robert Budd 
Walsh Construction Company 
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We have been asked by The RAND Corporation to discuss advantages of 


flat seam mining as applied to protective construction and solid rock. 


The problem stated to us was to devise a quick and economical method of 


construction which will afford maximum protection for equipment, ample 


and expandable floor area, will require a minimum of roof support, and 


will require a minimum of interior structure for adequate housing of 


personnel and equipment. 


To obtain maximum protection, the choice of a suitable rock forma- 


tion is, of course1 all-important. 
We must assume that such a choice has 


been made after consideration of the necessities as evidenced by the tests 


that have been performed to date. 
We are to understand that this protec- 


tive construction may be somewhat on an emergency basis. For that reason, 


a design should be selected which will be subject to some variation after 


construction is commenced. 


We have considered more than tunnel practice or mining practice. 
We 


feel that the miners in the flat seam beds have pointed a way to a most 


economical method of construction of this type of proposed structure. A 


miner must dig where the ore is, and this often means in weak formations. 


If the methods that he uses in the weak formations are transferred to 


thoroughly competent strata, we feel that roof support should be held to 


an absolute minimum. 


Since the diesel engine has become commonly used, and since the advent 
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of rubber-tired mining equipment, many of the mines have gone to this 


type of equipment. 
Some examples would be the lead mining by the St. 


Joseph Lead Company; lead-zinc mining in the tri-state district; copper 


in White Pines by the White Pines Copper Company; limestone by Pittsburgh 


Plate Glass, United States Steel, and many others; iron ore by the Hanna 


Company of Iron Mountain, Missouri; potash by U. s. Potash, International 


Chemical, and Potash Company of America. 
U. s. Gypsum in many locations 


is mining this wa:y. 
Also, there are the Pacific Coast Borax Company, 


International Salt, and many others. 


We would estimate that the companies listed must be producing to 


stockpile for an average of $1.50 to $2.00 per ton of ore. If that were 


not so, the mines would become uneconomical and closed. For instance, 


let's take the White Pines Copper Company where the yield is 18 lbs of 


copper per ton of rock removed from the mine. 
You simply could not live 


at that price unless you had a very cheap operation. This is certainly 


true as applied to salts and limestone where the sale value of the 


material on the open market is only about $1.50 to $2.25 a ton, depending 


on location and the competitive situation. 
I bring that in to establish 


costs and to give you some background. 


The cost of an undesigned structure in an unspecified strata at an 


unspecified location is somewhat theoretical. But when we go back to 


what the mines are doing, we do have a cost basis, of course. 


Figure 1 is a really horrible example, and I show it Just for that 


purpose. 
This is one of the tunnels at Niagara in which my COlllpany was 


interested. 
The tunnel is 54 ft wide. 
The strata is thoroughly incom- 


petent. 
We have to face the fact that the designer of a tunnel has little 
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choice. 
The tunnel must go from one :point to another. All he can do is 


bury that tunnel in depth to get the safest roof structure :possible, but 


his alignment cannot be changed. 


In Fig. 2 we see a modern flat seam mine. 
The roof is flat solely 


I 
because this is a limestone formati.on, and the flat roof is inherent. 


The roof could be arched; and if it were, it would :probably be arched due 


to the inherent break, a cha.ra.ctelt'istic advantage. 
These mines use high- 


speed heavy-duty equipment and develop multiple faces as quickly as 


possible. 


Figure 3 shows a shovel loading and heavy haulage equipment. 


Figure 4 is a roof-bolting jumbo. It is readily movable from place 


to place. However, this figure :points up the fact that too high an exca- 


vation becomes costly because of the difficulty of reaching the roof for 


scaling and other purposes. 


Figure 5 shows the drilling equipment mounted on trucks. This is 


simply a quick sketch demonstrating how all equipment is designed to be 


movable. 


Figure 6 is a schematic layout of a checkerboard block system of 


mining. It makes no pretense of being a finished :product. 
This is an 


area which we planned to excavate between 16 and 20 ft. 
I feel that 20 


ft is approaching the maximum for one-pass flat seam mining. 
When you 


go above that height, the drilling equipment, scaling equipment, etc., 


become rather topheavy and hard to move about where the pillara a.re 


twice the width of the galleries or roadways. 
This is simply a matter 


of :proportion. 


First of all, ve must have access. 
We might propose two tunnels 
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and then indicate a shaft. 
We could have a third entry; we could group 


the three entries together. 
We could do many things; but please assume 


that you are going to want some dispersal of access, so we are showing 


the access tunnels at widely divergent points. 


The first move would be to sink the shaft and drive these tunnels in 


from the outside to the shaft to establish ventilation. After that is 


done, we would progress as shown in Fig. 7. 
Now, extraction commences. 


We can blast at several locations, and we have many working faces. 
We 


would put in one team of men with a shovel, a scaling jumbo, roof-bolting 


jumbo, or whatever we required. 
Some of' the jumbos may serve dual pur- 


poses. It would be very simple from this time on to blast two faces on 


a shift and to load out two faces. 
Instead of the usual tunnel cycle of 


drill, blast, and muck, we have men drilling at some locations, and they 


drill all during a shift. 
We have men loading, and they load all shift. 


The haulage crew hauls all shift. At the end of the shift, the face is 


prepared for blasting. The blast gasses return to the ventilation shaft 


and are carried out. 


In Fig. 8 we now have ten faces on one line. If we want speed, we 


can put in double units. In other words, we can put two crews on one 


side, two crews on the other side. That would be very simple. 
We are 


primarily interested in speed. 
In the area shown there, we assume that 


the square pillars are 6o ft and that the entries or haulage ways or 


rooms, whatever you choose to call them, are 20 ft wide. 
The whole area 


is 20 ft high. 
You would have 521,000 ft2 of available floor space in 


the 30-ft drifts. That is the equivalent of 17,330 f't of tunnel, 30 ft 


wide by 20 ft high. 
If' we were to blast 12 f't to an advance, we would 
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have 1460 advances to make. 
If' we average two shots on one side and 


two shots on the other side each shift, and work two shifts spaced to 


allow ventilation time between the shifts, we would get eight advances 


in each 24-hour day. It would require approximately 182 days to excavate 


the area, once excavation and development were established. 


As I mentioned before, this rate could be very easily increased by 


the addition of more working teams. Perhaps we could easily average five 


or six faces per side per shift. That gives you some idea of the speed. 


Now, we have access tunnels. 
How fast can we drive those? There 


again, we would really like to know a little more about what we are 


driving in and what we are driving from. 
A thousand feet a month is not 


irrational to discuss for the speed of those drifts. To be conservative, 


I think we can make Boo ft a month. 
A great deal of this is dependent 


upon the particular problem. 


What are we netting? If we are going to work five days a week, we 


pay for 4o hours; if six days a week, our costs go up 16-1/3 per cent; 


seven days a week, our cost then advances to 33-l/3 per cent of additional 


labor. 
We have to decide at what rate we want to operate before we can 


intelligently discuss costs. 


At the beginning I gave you an indication of what the mines are able 


to accomplish in terms of production costs. 
We have to face the fact that 


for protective shelters, our shifts have to be retired against far less 


volume than a mine will produce. A mine will be in operation for ten or 


fifteen years, so that the write-off can be absorbed. 


Also, when you go into a thing of this nature, you are going to have 


to provide electric power. 
You are going to have to provide water. 
You 
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are going to have to provide housing for some of your men in some locali- 


ties. 
You are going to have to provide office space, shop space, and 


ventilation. That is not a small thing. We've got to provide all those, 


and we have a short quantity to write off on. 
Now, that liJB.Y' seem dis- 


couraging; but I still think we have developed the most economic method 


of putting in the underground structure. 


Now, I want to return to ventilation for a moment. 
To get high-speed 


operation, you've got to use diesels which produce diesel fumes~ If you 


do a lot of blasting, the powder fUmes are considerable. It doesn't seem 


possible until you sit down and ficure it out, but you will probably move 


more tons of air per day into that area than you move out rock. 


FIGURES 


1. Tunnel at Niagara in incompetent strata. 


2. Modern flat seam mine. 


3. 
Shovel loading, and heavy haulage equipment. 


4. 
Roof-bolting jumbo. 


5. Drilling equipment mounted on trucks. 


6. 
Schematic layout of checkerboard block system of mining. 


7. Excavation progress, checkerboard layout. 
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8. Excavation progress, showing additional faces opened for simultaneous 
work. 


Fig. 1 


Fig. 2· 
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Fig. 3 


Fig. 4 
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UNDERGROUND SHELTER STUDY 


Edward Landway 
Luria Construction Corporation 
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The Luria Engineering Company for many years has been engaged in the 


fabrication and erection of standard and especially designed structures 


for the military forces. 
These structures have ranged from our standard 


line of buildings to specially adapted aircraft readiness and maintenance 


hangars and docks. 


Because of our ability to adapt structures to special situations, we 


were requested by The RAND Corporation to investigate the possibility of 


erecting a sound and economical structure within certain underground areas. 


These areas were defined as hard-rock tunnels with a basic configuration 


in sections of 30 ft in width and 16 ft in height, but including an alternate 


section of 30 ft in width and 32 ft in height. 
The basic tunnel would 


contain a one-story building and the alternate would contain a two-story 


building. 


Criteria for the design of these buildings would be: 


1. That they be moisture-proof and dust-proof. 


2. That the exterior steel construction would be of such a nature 


that alkali or acid filtrating waters would not harm or deteriorate the 


metal. 


3. 
That the interior would have an insulated and acoustic treatment 


which would allow temperature control and humidifying of necessary areas 


but would give acoustic value to the over-all structure. The interior 


treatment would be of a varied colored arrangement that would have a 


pleasant effect on the people working within these buildings. 
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Our first approach to this problem was to try an adaptation of our 


standard rigid frame structure within the defined areas, leaving a clear- 


ance of approximately two feet to rock line from the outer building dimen- 


sions. After considering the many problems that would be involved in the 


erection of such a structure, and particularly in the design of a suitable 


panel, framing into the structural members, which would meet the criteria 


previously mentioned, it was decided that the erection costs of such a 


structure would be prohibitive due to the necessity of erecting it from 


the inside. 


We therefore decided that a new approach was necessary to not only 


meet the criteria presented to us but also to give a completely flexible 


structure which could be erected in any given situation and which could 


be made to conform to the design requirements for additional space, in 


any direction. The design we finally accepted as meeting all of the 


necessary criteria and also being the most economical, both from a fabri- 


cation and erection viewpoint, is a protected metal insulated panel, 1 ft 


in width, and welded to form a rigid frame structure. This frame structure, 


in order to insure stability, has a tie-rod from eave point to eave point 


at intervals of 6 ft. Each panel is insulated With a one-inch fiber glass 


batten snapped into place between the panel flanges. Erection of panel 


to panel is accomplished by through-bolting with a neoprene rubber seal 


between both panel flanges. This is continuous from the base to the eaves 


and over the roof section of each panel. Interior and acoustic treatment 


is accomplished by then attaching a perforated hardboard wall and ceiling 


to the interior of the panel flanges. This hardboard interior then can 


be painted any designated color, resulting in a pleasant and attractive 


working area. 
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This particular metal panel when ccmpletely bolted through, tol'lliDg 


a rigid trame, is capable of ma1Dta.1D1Dg a live-load ot 15 lb/tt2• It IIII1St 


be borne in mind that this structure is extremely ecODCllllical and therefore 


is not adapted to blast comitioDS. It ba.8 the advantage over a concrete 


structure of being cca:pletely tree ot the surround1Dg rock it desired. 


We bave worked aut a. aetbod ot ieolatiD& the side walla aD1 root trail the 


floor throusb use ot a rubber pad and spring-loaded anchor bolts. 


It is our belief that this basic structure not only meets &ll. cri• 


teria established, but as previously pointed out, is extreaely ecODCDic&l 


vi~ high speed of fabrication and erection. In order to be specific as 


to the basic, or one-story structure, we pour a concrete tl.oor on a cuah- 


iODiDg base ot s&Dd or gravel, 1Dcll1Una side &Diles to which our panel 


structure is anchored as previously described. This structure w1ll be 


erected by sett1Dg up a tabricat1Dg area where we wUl weld and bo1t these 


panels together in 1Dcra.ents ot six. Each incraaent will be brousbt to 


place by a method which we bave desiped, and erected in pl.alze to tom an 


incraaent of the bn' ld' ng. 
We have provided aetbods ot aeetiDs various 


r1gbt-aqle and other anauJ,ar 'Y&1"1at1ona as well as traDBit:lona 1D heisht. 


Our investiptions bave shown tbat it :will be possibl-e to fabricate aDd 


erect 1n place this one-story buU41ng tor a cost ot $6.50 per tt2 • The 


two-story building will be constructed by essentially the same methods 


except for the fact that the second story floor area will be poured and the 


side panels to the second floor will be erected in multiples and the second 


story panels brought into place by a method we have worked out to form the 


sides and roof of the second story. The floor loading for the second 


floor can be varied for the installation of special machinery or for 
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other applications. 
We have estimated the cost of this two-story building 


at $12.00 per ft2 for the actual area of the first floor or $6.00 per ft2 


per floor. 
These structures have been estimated on the basis of 200,000 


ft2 of habitable area for the one-story building and 100,000 ft2 for each 


floor for the two-story building. 


These structures can be speedily erected depending on, of course, 


area allowed by the excavating contractor. 
This is a gallery operation 


as far as hard rock mining goes, and it will be necessary to schedule our 


erection operations so that we offer the least possible hindrance to the 


mining operations of the rock excavator. 


It is our belief that this type of structure will lend itself to 


many forms of adaptation and yet be the most economical form of construe- 


tion that has been investigated to date. 
We have carefully investigated 


all phases of fabrication and erection of this type housing and are firmly 


convinced that the cost figures we have given will prevail. Variations 


over the basic design in strength required and additional floor loadings 


for a second story Will increase the price quoted per square foot, but 


this is to be expected. Prices for special adaptations of partitioning, 


including doors and hardware, will also increase this basic estimate, but 


this would also be true of any other type of structure. 


DISCUSSION 
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MR. LANDENBERGER: 
I would like to ask if you have ever given con- 


sideration to using adaptable space frames that you could use for flat or 


rounded surfaces. 


MR. IANDWAY: 
Yes, we did. 
We thought of several methods. 
Unfortu- 


nately, in order to get the maximum habitable area in a building under- 


ground for the least amount of money, it has to be borne in mind that 


erection is a very serious problem and a very costly one because you are 


working from the inside. 
In other words, you cannot get outside to do any 


structural work whatever. 
Now, I couldn't hear you too well; but does that 


answer your question? 
We did give thought to it. 


MR. LANDENBERGER: 
All right. 


MR. JAMES POWER (Dignum Associates, Coral Gables, Florida): In line 


with that erection problem, I wonder if any consideration has been given 


to air-supported structures. 


MR. IANDWAY: 
We did, yes. However, our use of any type of structure 


was based on the fact that we have two large fabricating plants, and we 


wanted to design something that we could produce as well as our competitors. 


FIGURES 


1. Typical single-story cross-section. 


2. 
TYPical cross-section, two-story building. 


3· Structural frame in assembly. 


4. Diagrammatic detail of wall panels. 


5. Wall-floor connection detail. 


6. 
Connection detail. 


7. 
Underground shelter system, single story. 


8. Underground shelter system, multi-story system. 
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Fig. 1- Typical single story cross section 
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Fig. 2-Typical cross section, two story building 
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Fig. 3 
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Fig. ?-Underground shelter system 


Single story 


Fig. 8- Underground shelter system 


Multi-story system 


PLADI~ AND CO.NSTRUCTIOlf C8 UIIDERGROUND FACIUTIES 
FOR KEMANO-KITIMAT PROJECT 


INTRODUCTION 


James W. Libby 
International Engineering Company, Inc. 
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Five hundred miles north of Vancouver, British Columbia, Canada, lies 


a rugged and beautiful wilderness area known as Tweedsmuir Park. 


Connecting the western edge of this elevated park area to the Pacific Ocean 


are a number of glacial fiords. 
Two of these fiords terminate at the mouths 


of the Kitimat and Kemano rivers. 


The municipality of Kitimat and a large aluminum smelter plant of the 


Aluminum Company of Canada are located on the outwash plains of the Kitimat 


river. Fifty miles southeast of Kitimat, on the Kemano river, is the lar- 


gest underground power plant in the world located in one of the largest, 


single, man-made underground caverns ever used as a permanent facility. 


Physical orientation of the project is shown on Fig. 1. 


A description of the many problems encountered in the planning and con- 


struction of the underground facilities for the Kemano-Kitimat Project, and 


the engineering skill and construction ingenuity utilized in solving the 


problems, would require many hours to relate and would fill several volumes. 


It will not be possible in the time allotted, therefore, to present 


more than a sample of the problems encountered. 
My presentation is limited 


to the powerhouse excavation and related features, which are probably of 


the greatest interest to members of this symposium. 


GENERAL DESCRIPl'IOlf 


As graphically represented on Fig. 21 water tor power production is 
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taken from Lake Tahtsa through an intake structure, located about 60 ft be- 


low the normal lake surface, and into a horseshoe-shaped tunnel. The water 


flows through the nominal 25-ft diameter tunnel for 10 miles at a slight 


grade to a bifurcation structure at the upstream end of the penstocks. From 


the structure, the water drops 2600 ft through two 11-ft diameter, steel- 


lined penstocks to the centerline elevation of the 14o,OOO HP, vertical Pel- 


ton-type turbine units. The penstocks discharge into manifolds which feed 


the spiral cases through eight individual 51-in. spherical valves, located 


in a valve chamber upstream from the powerhouse. After passing through the 


spiral cases, nozzles, and turbines, the water flows through individual unit 


tailrace tunnels to a main tailrace tunnel and channel which discharges into 


the Kemano river. 


The location and arrangement of the tunnels, penstocks, and powerhouse 


were dictated by geography and physical conformity. Convenience of inter- 


related penstock and powerhouse access, econ~ in lengths of penstock and 


tunnels, and general geologic conditions were other significant factors. 


The powerhouse, penstocks, and much of the power tunnel were constructed in 


a massive granodiorite intrusion of the Coast Range batholith, which is gra- 


dually replaced by a metamorphic complex of greenstone, schist, and quartz- 


ite near Tantsa Lake. 


POWERHOUSE TUNNEL lAYOUT 


Part of the carefully-planned pattern of tunnels and drifts is illus- 


trated in Fig. 3. The tunnels and a portion of the main chamber shown 


represent approxtmately one-half the area of the ultimate development. 


The upper lett at Fig. 3 shows the penstocks approaching the manifolds 


and yalve chambers. Both of these latter areas are hidden behind the pow- 


erhouse excavation. 
Curving around the left end at the powerhouse is the 
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drainage gallery from the valve chamber. The gallery is designed to bypass 


water around the powerhouse in the remote event ot a unit penstock or con- 


trol valve failure. 


The eight individual unit tailrace tunnels and main tailrace are shown 


downstream from the powerhouse. From right to left 1 projecting from the 


downstream face ot the powerhouse 1 are the access tunnel, high voltage ca- 


ble tunnel, and exploration tunnel which was later utilized as a ventila- 


tion tunnel. 


The sequence ot driving individual tunnels and drifts for powerhouse 


excavation was carefully coordinated to provide the most econanical and sa- 


tisfactory location for tunnels, penstocks, and powerhouse. First, an ex- 


ploration tunnel was driven to determine rock characteristics ot the pro- 


posed powerhouse site. From this tunnel diamond drill holes were drilled 


as the heading adva.Dced. 
The holes were driven in radial patterns spaced 


to augment surface exploration clrilling data. The pattern ot joints and 


seams revealed by these explorations was caretull.y' exami.Ded; 
as a result, 


the proposed site was moved further into the mountain to avoid a maJor 


shear zone, and the powerhouse alignment was altered for an iJIIproved angle 


ot intersection with the maJor joints. 


In connection vi th the exploration program, a test sphere vas eonst1"1l0- 


ted in the rock. The sphere vas 10 ft in diuleter and provided vi th steel 


lining solidly backfilled with concrete. After installing SR-4 strain gages, 


the sphere was subjected to internal water pressures to 36oo pai JD8.X1mum. 


Same purposes of the testing were to observe the reaction of steel lin- 


ing under design conditions and to derive a value ot modulus of elasticity 


ot the rock. Measurements ot defor-.tion under load nrif'ied the design 


asSWIIPtions. After the penstock vas completed, additional strain gages were 
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installed and prototype testing was conducted. Results ot these prototype 


tests were in close agreement with test sphere results. Strain gages, plac- 


ed in radial holes drilled from the test sphere to solid rock, produced er- 


ratic results at only relative design value. 


After the location and alignment ot the powerhouse were set, the 27-ft 


diameter arch sections at the tailrace tunnel and the access tunnel were driven. 


!Where the tailrace tunnel intersected the centerline of the powerhouse, 


27-ft drifts were driven to the right and left for the full length at the in- 


itial eight-unit powerhouse, which is approximately 700 ft long. In addi- 


tion, a drift from the exploration tunnel was driven llOO ft along the full 


length at the ultimate powerhouse at about the elevation at the arch spring- 


line. 


POWERHOUSE ARCH SECTION EXCAVATION 


At 120-ft centers along the 10 by 12-ft exploration drift, secondary 


drifts were excavated at right angles to the exploration drift and out to 


one foot beyond the neat line of the arch section. After these drifts were 


completed, the full arch area was drilled and shot, fol'llling slots which di- 


vided the arch section of the powerhouse into six segments. Seven muck 


raises, 8 ft square, were drilled, connecting the drift in the arch section 


to the lover drift. 


When the first arch segment was isolated, the segment was drilled by 


the "long-hole" method with 55-ft horizontal holes in a pattern at concen- 


tric circles, the center aligned to the exploration tunnel. The individual 


circles in the pattern were spaced about 5 ft apart and all holes in the pat- 


tern filled with explosives at the same time. 


With the arch segment drilled and loaded, the central circle only was 


fired, with the swell completely filling the exploration tunnel. 
As exca- 
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vation continued, the exploration drift was enlarged so that two or three 


of the circles could be shot at once. 
The last shots in each section were 


carefully-controlled trim hole shots along the arch line. The careful con- 


trol resulted in the least possible blasting shock to the remaining rock. 


Very little over-excavation was experienced with this method of controlled 


blasting. 


In one section of the powerhouse, successive blasts from the explora- 


tory drift upward disclosed weak, shattered, and blocky rock. Here the cen- 


ter 20 ft was carried up to the roof line and the rock heavily bolted and 


gunited. Progressive widening of this opening, using light shots and roof 


bolting, developed the full section safely without support. 


No temporary structural support of the rock in the arch roof was re- 


quired, but 2200 temporary "fish tail" rock bolts and 11,000 cubic feet of 


gunite were used to assure safety of personnel until the arch concrete was 


in place. The parabolic arch section, with a rise of about 37 ft and a 


span of 103 ft, was apparently a very satisfactory design for the type of 


rock. 


POWERHOUSE BENCH SECTION EXCAVATION 


After a couple of the arch segments had been cleaned out, and rock 


bolting and guniting completed, the arch section from the springline up was 


poured and excavation of the lower powerhouse area was started. Here again 


the "long-hole" method was used, with drilling commencing at the springline 


and extending down 75 ft to the bottom floor of the powerhouse. 
Approxi- 


mately one-~lf the full width was shot at a time and mucking was perform- 


ed at the lower level by shovel and trucks. 


Figure 4 shows the bench cut with the arch section pour completed ov- 


erhead. 
Notice that the excavated section from one central shot is about 
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one-half the width of the powerhouse and extends full depth. The walls on 


the right and left were selectively drilled and shot out to the neat lines, 


where the controlled blasting effectively minimized disturbance in the rock 


mass. 


The powerhouse cavern is 140 ft high from the bottom of the turbine 


pits to the crown of the arch and and 82 ft between side-walls. 


DESIGN AND CONSTRUCTION NOTES 


Figure 5 shows the excavation for the powerhouse completed and forms 


for the walls and galleries rising into position. Note the regularity of 


the powerhouse walls after the selective shooting. 


The parabolic concrete arch was designed to thrust roof loads into the 


rock mass so as to reduce local high stresses in the side-walls. Roof load- 


ing above the arch is carried by the rock walls of the chamber. The concrete 


arch was designed to withstand only those pressures resulting from grouting 


between the arch and rock. The grout fill was designed to prevent initial 


movement of local rock areas and possible subsequent movement of a larger 


rock mass which might be induced by machinery vibration. The columns and 


beams of poured concrete are used solely to support internal loads and car- 


ry no arch loading. The vertical columns carry the 450-ton traveling crane 


and were tied to the rock walls for lateral support by long-stressed steel 


dowels. 


Rock in the powerhouse area contains many dikes and extensive joint- 


ing. Four faults and resulting fracture patterns in the area induced ap- 


parent weakness in the east side of the arch and vest vertical walls. 


Figure 6 shows a fall-out of part of the vest wall section, which had 


stood for a considerable period of time with no apparent distress. 


R-341 
3-26-59 
717 


Luckily, the oiler on the shovel was on the other side of the power- 


house at the time. The operator was still in his seat when the fall occur- 


red and although the l-1/2 cubic yard capacity shovel was completely 


demolished, the operator escaped with minor bruises. 


Experience with major falls of this nature led to the decision to uti- 


lize long, 30- to 40-ft by 1-1/2 in. diameter bolts to permanently tie the 


exposed face into the rock mass, and to provide structural stability in the 


wall sections. These bolts, over 1500 in number, were placed in inclined 


diamond drill holes containing fluid sand-cement grout, the fish-tail 


wedges driven tight and then stressed. 


Figure 7 shows a fall-out of an area on the east side of the powerhouse, 


at an intersection with a unit penstock tunnel that was known to be weak and 


which had been extensively reinforced by rock bolting and guniting. The 


rock bolts were from 8 to 16 ft in length and well-embedded, indicated by 


the fact that they remained in place after the fall. The extent and weight 


of the fall was so great, however, that the heads of the bolts were sheared 


off. 


Figure 8 shows the completed powerhouse structure, revealing none of 


the problems encountered but standing as a monument to their solution. 


Located a quarter of a mile inside the mountain, the powerhouse develop- 


ment required excavation of almost 220,000 cubic yards of rock, utiliz- 


ing 18o,ooo lineal feet of diamond drilling and 127,000 pounds of dynamite. 


Drilling and blasting alone required 98,000 man hours, or about 0.45 


man hours per cubic yard of direct labor. In addition, scaling and tempo- 


rary rock-bolting alone absorbed 21.1000 man hours. 


PERSONDL 


By careful supervision and extensive safety programs, the main power- 
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house excavation was completed with no loss ot life and a minimum ot lost- 


time accidents. This was remarkable, considering the complexity ot the cp- 


eration and number of new men who had to be trained (due to the isolation 


of the site and severe weather conditions, personnel turnover was rapid). 


CONCWSIOB 


Underground construction is a difficult task, but one which can be suc- 


cessfully accomplished it the proper teamwork between designer and construe- 


tion personnel is developed. 
The designer must provide flexibility in his 


design to meet probleu tbat arise during construction. At the present 


state-ot•tbe-art of underground structure design, predictions ot future 


events are not al~s reliable; consequently 1 a designer must be ready to 


completely change his thinking and designs, not tomorrow or next week, but 


within a few hours, to meet construction expediency, or stand the penalty 


of costly delays and accidents. 
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FIGURES 


1. Location and orientation of Kemano-Kitimat Project. 


2. 
Diagram of water flow for power production. 


3· TUnnels and portion of main chamber. 


4. Bench cut with arch section pour completed overhead. 


5. 
Powerhouse excavation completed. 


6. Fall-out of part of west wall section. 


7. Fall-out of an area on east side of powerhouse. 


8. 
Completed powerhouse structure. 


R-341 
3-26-59 
721 


powerhouse 


Fig. I 


BRITISH 
COLUMBIA 


R-341 
3-26-59 
723 


R-341 
3-26-59 
724 


Fig. 


800' 
Rockcover, 
. 


Long-hole drilling 


Fig. 3 


6 


Fig. 4 


Fig. 5 


R-341 
3-26-59 
725 


R-341 
3-26-59 
726 


Fig. 6 


Fig. 7 


e 


Transformer ~II .,. 


vault 


Elev 247' 


High voltage 
cable gallery 


Control cable~ 


gallery 


Tailwater without entrained 
air for Q = 5000 cfs 
Discharge pit 


- 


140,000 hp at 2500 


Rated head 327rpm 


Fig. 8 


\ ,, 
p P, 


e 


w 
I 
I\) !:XI 
0\ I 
~I LAJ 
1\) \.11 -I=" 
~\01-' 


UNDERGROUND FEATURES OF THE HANABANILLA AND BINGA PROJECTS 


PURPOSE MID SCOPE 


John Lowe, III 
Associate Partner 


Tippetts-Abbett~cCartby-Btratton 


R-341 


3-26-59 
729 


This paper describes the engineering and construction aspects of the 


underground features of the Hanabanilla Hydroelectric Project in Cuba and 


the Binga Hydroelectric Project in the Philippine Islands. The under- 


ground power generating facilities of these projects involve large caverns 


and intricate passageways deep in the earth. Problems involved in the 


design and construction of such facilities are similar in many ways to 


problems encountered in the design and construction of underground pro- 


tected facilities. The discussion presented herein is limited to those 


aspects of the design and construction of the caverns, tunnels and their 


appurtenances which would also apply to underground protected facilities. 


Included are such items as access, ventilation, waterproofing, heavy 


machinery handling and sanitary facilities. 


Because the design problems for the Binga Project are similar in 


many instances to those of the Hanabanilla Project, a detailed discussion 


of the Hanabanilla Project is presented first and is followed by a dis- 


cussion of only those items of the Binga Project which are not similar. 


HANABANILI.A PROJECT 


Project and Location 


The Hanabanilla Hydroelectric Project is located in the Trinidad-San 


Juan Mountains of south-central Cuba, approximately 31 miles from the city 


of Cienfuegos. The project will provide a source of low cost peaking 
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electricity for Cuba's rapidly expanding industrial and domestic needs 


by impounding the waters of three major rivers in the project area: The 


Hanabanilla, the Negro and the Guanayara. 
The project consists of two 


rock and earthfill dams Which create a reservoir of 76 billion gallons 


capacity, and an underground power station of 27,000 ltw capacity, together 


with waterways, spillway dikes and necessary appurtenant facilities. 


Total cost is estimated to be $15 million. 


Underground Features 


The underground features of the project consist of a vertical pen- 


stock shaft; an underground power station; an underground valve chamber; 


an outlet or tailrace tunnel and an inclined service tunnel. The location 


of these facilities, as well as Hanabanilla Daa, is shown in Fig. 1. The 


other dam, named the J1bacoa Dam, is located at the other end of the 


reservoir. 
An isometric view of the underground facilities is shown in 


Fig. 2. 


The geology of the project site was studied by airphoto interpreta- 


tion and field investigations. 
Deep NX borings were -.de to explore 'the 


penstock, service tunnel, tailrace t\UlJlel and power station si tea; four 


of these borings were drilled in known fault zones along the tailrace 


tunnel alignment. 
The locations of' these borinss are shown in Fig. 8. 


These explorations indicated that the formations in the areas to be 


excavated were predominantly dioritic gneiss, a granitoid-layered type 


of' rock, with some cleavage. Joints are spaced and oriented at randoa. 


The excavation of the caverns and tunnels prcmtd this rock to De of 


excellent quality. 


The Penstock 


The penstock consists of a 13-f't diameter, 841-tt long vertical 
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shaft (Fig. 3) . 
The shaft was excavated from the top downward by the 


bench method. 
There were two advantages in sinking the penstock shaft 


by the bench method o:f drilling and blasting. First, hand mucking was 


made easier because the blast usually threw most of the muck to one side 


of the shaft and thus facilitated hand shoveling the blasted material 


into the 2-3/4 cu yd bucket in the cut. 
Two buckets were utilized, one 


being loaded while the other was being hoisted for dumping into the spoil 


chute. 
Second, this method provided a sump to collect the water that 


drained into the shaft, and made possible a dry bench for drilling and 


blasting operations. 


The diorite gneiss encountered in the shaft was o:f excellent quality. 


The explosive loading factor averaged 4.0 lb o:f dynamite per cu yd. of 


solid material. 
The quantity of material excavated was 4000 cu yds. 


Even though the penstock shaft was in excellent rock, it was necessary 


to :fully support it with steel ribs, spaced 4 :ft center to center, to 


protect the workmen from rock :falls. The penstock is to be lined with 


steel plate and Prepakt concrete to withstand internal and external 


pressures. The design is based on a maximum internal pressure of 485 


lb/sq in., two-thirds of which is resisted by the rock and one-third by 


the steel liner. The steel and concrete lining is adequate to take the 


maximum external pressure of 485 lb/sq in. Prepakt concrete is to be 


used to eliminate shrinkage and obviate contact grouting. 
The 8.65-ft 


steel liner varies in thickness from 3/8 in. at the surface to 1-9/16 in. 


at the bottom of the shaft. Between the liner and the rock wall is a 


minimum thickness of 2.25 ft of "Intrusion Prepakt" concrete which is to 


be made with aggregate having a maximum size o:f 3 in. High pressure grout 
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holes will be drilled through existing grout outlets in the steel liner 


into the concrete and rock. Grouting pressures are expected to be limited 


to 150 lb/sq in., with the field engineer determining the pressure used. 


The Service Tunnel 


The service tunnel is an 1115-ft shaft inclined at 42° to the hori- 


zontal. This shaft extends from El 1084 ft at the access house on the 


north abutment of Hanabanilla Dam to El 336 ft at the central power 


station (Fig. 4). 
An inclined shaft was chosen in preference to a 


vertical shaft for two general reasons: 
to expedite construction and 


to facilitate movement of heavy equipment into and out of the power 


station and valve chamber. 


In general, the use of an inclined shaft will expedite construction 


because ( 1) it is easier for personnel to work in a sloped shaft than in 


a vertical shaft and ( 2) by inclining the shaft at an angle approximately 


equal to the angle of repose of the muck and excavating from the bottom, 


the material which is blasted can be made to fall to the base of the 


shaft and can then be removed through an access tunnel, whereas in vertical 


shafts which are often excavated from the top, the material JllUSt be lifted 


out. In actuality, this advantage was not fully realized at Ranabanilla 


because access to the bottom of the shaft vas not initially attained in 


time due to unforeseen delays and consequently the shaft excavation was 


started from the top. 


Movement of equipment is facilitated by the choice of an inclined 


shaft because a railway can be used, as compared 'to an elevator which 


:aut be used in a vertical shaft. 
The use ot the rail¥&7 is also advan- 


tageeus because less hoist capacity is required to move a civen load. 
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A specific advantage gained by the use of the inclined shaft at 


Hanabanilla is that a better location for the access house was obtained 


without the necessity of shifting the location of the power station. 


The tunnel cross-section is a modified horseshoe with an unfinished 


width of 16 ft and a height of 18.5 ft. The tunnel was excavated from 


the top downward. 
However, in the later part of the excavation when a 


pilot tunnel was holed through from the power station chamber, the tunnel 


muck was chuted down the pilot tunnel and reJDQVed through the lif't opera- 


ting in the vertical shaft. When working from the top downward, mucking 


was done by hand into a 3 cu yd skip, riding on rails. A loading ratio 


of 3.5 lb of explosives per cu yd of rock was used for the 16,000 cu yds 


of rock excavated. 
The upper 180 ft reach in the zone of weathering of 


the diorite required steel supports (Fig. 5). Below 180 ft the 


diorite is of nearly massive character. In this section steel supports, 


and rock bolts, 3/4 in. in diameter and having a minimum length of 6.6 f't, 


were used where necessary. 


The tunnel will have a concrete lining with a minimum thickness of' 


1 ft on the sides and approximately 1.8 ft at the crown (Fig. 6). Grout 


pipes 1-1/2 in. in diameter will be placed on 3-ft centers in the concrete 


lining so that after the concrete sets grout can be forced into any voids 


between the lining and the rock. 
Rubber water stops will be used between 


the joints which are located at 35-ft intervals. 


In order to take care of' the drainage, standard cast iron pipe, 


2-1/2 in. in diameter and extending a minimum distance of 1 f't into the 


rock on the sides of the tunnel, will be set before concreting (Fig. 7). 


These horizontal pipes connect to vertical 2•in. cast iron pipes which in 
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turn connect to 6-in. drains located on each side of the tunnel for its 


:full length. 
Two inch drain pipes will also be drilled into the floor 


and connected to the 6-in. main drain. 
The drainage water, after reaching 


the power station, will be piped to a sump and then will be pumped to the 


tailrace tunnel. 


The upper part of the tunnel will be partitioned off for an exhaust 


air duct (Fig. 7). A staircase and railing will be placed on one side 


and rails for an inclined railway with a wood safety rail will be placed 


in the center of the tunnel. 


The Tailrace Tunnel 


The Hanabanilla River drops from El 1066 ft at Hanabanilla Dam to 


El 246 ft, some 4 miles straight line distance downstream (Fig. 8). Such 


topography is well-sui ted to tunnel conveyance of water. 
The tailrace 


tunnel will return the water to Hanabanilla River after it leaves the 


generating turbines • 
The tunnel is 22, 000 ft in length with an unlined 


diameter of 14.1 ft. Total excavation of l6o,ooo cu yds of rock is being 


made from the outlet portal end. Daily tunnel progress ranges from 30 to 


55 ft using an explosive loading factor of 3.0 lb of dynamite per cu yd 


of material. 


Larger faults observed on the surface have generally been found to 


be tight at tunnel grade. 
The faults encountered have steep dips and 


cross the tunnel at high angles; they consist of 1- to 200-ft-wide zones 


of sheared, slickensided and crushed rock. Several gallons of water a 


minute flow from most of these faults. 
One fault zone required high- 


pressure grouting to shut off inflowing water. 


In reaches of blocky gneiss, steel supports are located at 4-ft 
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spacing (Fig. 9). In 3.4 miles of completed tunnel 366 sets of supports 


were used. Present plans call for concreting only the supported reaches. 


For concreted sections, the tunnel will be horseshoe-shaped with a con- 


crete lining having a minimum thickness of 1.6 ft at the crown and 1.0 


ft at the invert. 


POWER Sf.ATION AND VALVE CHAMBERS 


General 


A chamber to house the power generating equipment will be excavated 


near the base of the penstock shaft (Fig. 10) • AdJacent to this chamber 


and at the base of the penstock shaft will be the valve chamber which 


will house the manifold and valves. Three branch tunnels will lead from 


the valve chamber to the power station chamber. At one end of the valve 


chamber will be the access tunnel to the power station; and at the other 


end will be the drainage tunnel which ends in a small chamber. 
The three 


draft-tube tunnels, the surge shaft and the tailrace tunnel also terminate 


in this small chamber. 


l!rxcavation 


The excavation of the 19,227 cu yd of rock for the valve chamber and 


power station chamber is now underway. 
The arch of the valve chamber vas 


excavated first (Fig. 10) • 
The remainder of the excavation vas benched 


after concreting the arch. First, the center section, 9 x 12.5 :rt vas 


excavated, then the side sections using the previous center section as an 


open cut. Mucking was done by scraper units pushing into JIUCk raises. 


From the muck chute, a 3-l/2 cu yd skip was loaded, raised through the 


shaft and autoatically dUJilped into a 33 cu yd. muek bin from which the 


muck was hauled to the spoil area. After the underground chambers are 
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completed, the muck chutes will be backf'illed and grouted. Since com- 


pletion of the service tunnel, the muck from the power station blasting 


operations has been chuted into the service tunnel skip for removal while 


the shaft facilities were used for concreting the valve chamber arch. 
The 


work of excavating the underground chambers is behind schedule due to 


delays caused by revolutionary activity during most of 1958 and other 


reasons. 


Details of Valve Chamber 


The valve chamber is 99 ft long, 29.5 ft vide and 40 ft high (Fig. ll) • 


The roof will be supported by a parabolic reinforced-concrete arch having 


a minimum thickness of 1.6 ft. The excavation for the arch at the spring- 


line is wider than that for the lower part of the valve chamber by 8.5 ft. 


Where required, the sides will have a 1-ft reinforced-concrete lining 


anchored to the walls vi th No. 8 anchors on lO-ft centers (Fig. 12) • 
Two- 


inch diameter weepholes will be placed in the floor and walls on 10-ft 


centers. Drainage is to a gutter running down the center of the floor. 


A monorail capable of supporting a 10-ton load will be fastened to 


the roof with two l-3/8 in. bolts every 10 ft (Fig. 13). Two-and-one- 


quarter-inch holes will be drilled 15 ft into the rock. 
The bolts are 


grooved for six inches on the ends so that when driven against a steel 


wedge placed in the bottom of the hole, the ends spread apart and wedge 


the bolt into the hole. 
The bolt is then grouted to obtain a tight fit 


in the hole. 


A bulkhead has been designed to separate the access tunnel and the 


valve chamber (Fig. 14). The bulkhead is to be constructed by forming 


a 1.6-ft thick reinforced concrete wall across the access tunnel. A 
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rectangular opening, 9 x 10 ft, will be left in the wall for a door made 


of 3/16 in. steel skin plate welded to 6-in. channels. 
The door will shut 


against rubber seals fastened to channels embedded in the concrete wall. 


A small watertight door will be made in one side of the larger door. 


Details of Power Station Chamber 


The power station chamber excavation is 121 ft long, 39 ft wide and 


84 ft high (Fig. 15). The bottom of the excavation is complicated by 


the numerous cuts for the turbine foundations. 
The roof will be supported 


by a reinforced-concrete parabolic arch similar to that constructed in the 


valve chamber (Fig. 16). There is one major difference, however, as there 


will be a drip ceiling constructed below the roof arch. The drip ceiling 


is a reinforced-concrete arch shell, having a thickness of only 3.15 in., 


which is stiffened every 24 ft by ribs having a thickness of 8 in. At the 


crown the drip ceiling has adjustable dampers and a wa.l.kway. 
Water drippins 


on the ceiling is drained off at the sides in 3-in. cast iron pipes. 


A 50-ton trolley crane will run the length of the power station. The 


crane will be supported by girders and columns (Fig. 17). The eolU11118 


will be located 10 in. from the rock wall but will be anchored to the rock 


at the top by means of dowels grouted into 2-in dimaeter holes. 
The spaces 


between columns are filled with concrete blocks to form a cUlJt&in wall. 


The walls of both the generator and turbine rooms will be curtain walls. 


The basement walls will be formed against the rock face. 


Drainage 


In the power station, provision JIIU8t be made for drainage of water 


from the service tunnel, drip ceiling, valve chamber, floors, generators, 


compressor. a:rter-coo:};ers and toilets. 
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Drainage from the drip ceiling flows into vertical 3-in. cast iron 


pipes placed between the curtain walls and rock (Fig. 18). These dis- 


charge into gutters in the basement floor; the gutters, in turn, drain 


into a wet sump. 
Seepage water from the service tunnel and valve chamber 


and water from the floors, generators and compressor after-coolers is 


also piped to the wet sump. 
Water from the wet sump is pumped into the 


tailrace tunnel through a 10-in. pipe. Water from the lavatories, toilets 


and showers will be drained through 4-in. pipes to a septic tank and then 


to a pneumatic sewage ejector which connects to the tailrace tunnel. 
The 


sewage is chlorinated before ejection into the discharge line (Fig. 19). 


Ventilation 


Air for ventilating the power station and valve chamber will be drawn 


into the access house through intake louvers at the top of the building 


(Fig. 20). 
The air moves down the service tunnel at the rate of 64,000 


cu ft per minute. After passing through the power station and valve 


chambers, the air is exhausted through the air duct which occupies the 


upper part of the service tunnel. 
Two 32,000-cu ft per minute exhaust 


fans in the access house at the top of the service tunnel push the air 


through automatically counterbalanced ~ouvers. 


Of the total volume of air passing down the service tunnel, 27,850 


cu ft flows into the generator floor and 36,150 cu ft goes to the turbine 


floor. 
From the turbine floor, 1500 cu ft flows through the access tunnel 


to the valve chamber and is returned to the turbine floor through an 18-in. 


duct located in the access tunnel. Air from the turbine room flows through 


grills in the curtain wall and rises to the generator floor. From the 


generator floor the air passes through the dampers in the drip ceiling and 


back to the exhaust air space in the service tunnel. 


BINGA PROJECT 


General Description 
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The Binga Hydroelectric Project is located in the north-central part 


of the Island of Luzon, Republic of the Philippines, approximately 9 air- 


line miles east of the city of Baguio. 
The project, situated on the Agno 


River, has been designed to operate in tandem with the Ambuklao Hydroelec- 


tric Project located approximately 11.8 miles upstream along the river. 


Ambuklao, which has an installed capacity of 80,000 kw1 will free stored 


releases from its large reservoir to Binga as well as generate power at 


its own site. Binga, with a somewhat smaller reservoir, will provide 


peaking capacity in addition to generating prime energy. 


The Binga Project consists of a rock and earthfill dam which creates 


a reservoir of approximately 29 billion gallons capacity, an underground 


power station of 100,000 kw capacity, and necessary appurtenant facilities. 


Total cost of the project is estimated to be $52 million. 


Geology 


The Agno River Basin is formed by two almost parallel mountain ranges 


of the Central Cordillera System. 
The principal rocks of the Agno Valley 


in the vicinity of the site are a series of metamorphosed andesites and 


sedimentary rocks intruded in places by diorite and other igneous rocks. 


The members of the metamorphosed series were laid down as lava flows, 


volcanic ash and water-deposited sediments. Later they were subjected to 


mountain building forces which produced numerous fractures and incipient 


fractures. 
The lavas and sediments were metamorphosed and their original 


characteristics altered. All 1xnderground work is in rock which is far from 


the best and requires special skills to excavate and support. 
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Underground Features 


The underground features consist of an 18.5-ft diameter horseshoe 


power tunnel 2,4oo ft in length; two steel-lined, inclined penstocks, 12 


ft in diameter, which branch into four 8-ft diameter penstocks just up- 


stream of the power station; a 50-ft wide, 255-ft long, 93.5-ft high power 


station which lies 300 ft below the surface, an electrical cable and ven- 


tilating shaft, and an equipment access shaft rising to the surface from 


either end of the power station; a tailrace tunnel which extends 1.3 miles 


from the power station to the downstream reaches of the river (Fig. 21). 


Total underground excavation amounts to 387,000 cu yds. 


The Binga Project differs from Ranabanilla in that ( l) it has a long 


pressure tunnel, a surge tank and inclined penstocks; ( 2) access to the 


Binga facilities is by vertical shafts as compared to inclined shafts; 


(3) Binga's caverns are much larger than Ranabanilla's and are excavated 


in rock which is more fractured than that at Ranabanilla. 


Excavation 


The power tunnel excavation was made from a horizontal access tunnel 


which intersected the power tunnel center line just upstream of the surge 


tank. It was then possible to excaTate a pilot raise in the surge tank 


while advancing the main heading towards the power intake. At the same 


time, the surge tank excavation which proceeded frOIIl the top, the pGWer 


intake open-cut excavation and portal work was in progress. 


The two access shafts to the power station were excavated aiaultan- 


eou13' to their full depth and f'rom the cable and ventilating shaft a 


tunnel vas excavated in tbe power station area to intersect penstock Bo. 4; 


the excavation then followed this penstock upstreaa to ita intersection 
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with penstock No. 3. Here a cross cut was made to the intersection of 


penstocks No. 1 and 2. From these two inters~ctions, pilot raises were 


excavated in the inclined penstocks toward the surge tank and all branch 


penstocks were simultaneously advanced toward the power station. 


Also, from the bottom of the cable and ventilating shaft, a transit 


tunnel vas excavated around the power station to intersect the draft tubes 


at the bottom. of the surge chamber. 
This permitted advancing the d.:ratt 


tube excavation in both directions and excavating raises to the crown of 


the surge chamber and up t-q the ground surface to form a ventilating shaft 


which is also a permanent feature. 
This approach permitted all work to 


continue during the lower stages of excavation in the power station. 


At the same time, the crown of the power station was excavated and 


concreted. A raise was excavated from the bottom of the power station near 


penstock No. 4 to the crown area and the power station excavation was 


continued from the top, utilizing the raise as a loading chute with all 


muck being taken out at the bottom level. 


Rockbolting 


Originally, while connecting the two shafts of the power station 


through the power station roof, vertical timbering was used. 
The maze 


of timber was so obstructive to both excavation and concreting that other 


means had to be utilized. 


The system adopted was the patented SWedish SN method of rock bolting. 


The SN method utilizes a special grouting machine which introduces grout 


mortar into the drill hole 1 after which the reinforcement bar is inserted. 


By utilizing this method of rock bolting it was possible to remove 


approximately 90 per cent of the timber in the power station crown area, 
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thereby expediting the work. 
This method was also used in the lover eleva- 


tions of the power station where both the upstream and the downstream walls 


were hazardous. It was thus possible to continue the required excavation 


to the lowest elevations and also to make the intersecting excavations 


without timber or steel supports. In the wall areas the bolts, which 


varied from 10 to 20 f't in length, were spaced approximately 3.3 f't center 


to center. In most cases the bolts were placed pointing upward at about 


30° to 45° from the horizontal; some intermediate 20-ft bolts were placed 


horizontal in order to integrate a larger mass of' supporting rock. 


Pull-out tests were conducted on several bolts embedded in various 


types of rock and in all cases the bars withstood a load in excess of 20 


tons. Failure ultimately occurred in the bar itself'. An embedment of' 3 


to 5 f't was sufficient to devltlop tull bar strength. 


Use was also made of' split rock bolts, wire netting, and lacing formed 


by welding reinforcing bars to the ends of the rock bolts. 


Rate of' Excavation 


No world records were made in the excavations but considering the 


type of rock to be worked, it was accomplished without major mishap in a 


remarkably short period of time. In tlle power station a maximum of 8oOO 


cu yd. was excavated in one month using three 8-hour shi1"ts. 
The excavation, 


including penstocks, draft tubes and surge chambers, involved 96,000 cu yd 


and required 15 months. 


CONCLUSIONS 


Large, rather complicated underground facilities are being construc- 


ted deep underground for power generating purposes. 
'1'he underground loca- 


tiona are chosen for reasons of over-all econoii\Y'. 
The experience gained in 
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the design and construction of these facilities should be of value in the 


design and construction of deep underground protected facilities. 
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UNDERGROUND EXPERIENCE IN THE SNOWY MOUNTAINS - AUSTRALIA 


THOMAS A. LANG, M. ASCE 
Executive Engineer, Bechtel Corporation, San Francisco 
Formerly Associate Commissioner, Snowy Mountains 
Hydroelectric Authority, Australia 


INTRODUCTION 


The Snowy Mountains Hydroelectric Authority is carrying out a large 
hydroelectric development in the Snowy Mountains which are located in the 
Southeastern part of Australia (Fig. I). 
The works will comprise seven 
major dams, some 100 miles of large tunnel, at least five underground 
power stations, surface power stations, and allied facilities. Descrip- 
tions of the scheme and details of various phases of the works have been 
published elsewhere (1, 2, 3, 4, 5). This paper is confined to investiga- 
tions and construction experience associated primarily with the T -1 
Power Station which will be used to illustrate a number of the principles 
involved in large underground works. 


Underground Works 


In the investigations, design, and construction of underground works 
the objective is to obtain openings of the required size which are per- 
manently stable and adequate under the specified conditions of usage. In 
general, works may be grouped according to use, viz, (a) ingress; 
(b) egress; and (c) accommodation. 


The first two are generally provided for by shafts or tunnels, whilst 
the third requires larger openings, such as halls, chambers, cells, 
vaults, or other open spaces. Many problems in design and construction 
are common to all three, but the problems associated with the larger 
openings in the rock required for accommodation purposes are generally 
more complex and difficult than those for the smaller openings of tun- 
nels and shafts. Operation and maintenance of underground installations 
can also pose special problems. 


INVESTIGATIONS 


General 


Investigations to provide basic information for design and construc- 
tion are the first stage in the accomplishment of any underground work. 
The extent to which investigations should be carried out depends upon the 
purpose for which the works are intended, the magnitude and importance 
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of the undertaking, what can be afforded in manpower, money, and time, 
and an objective and critical appraisal of all available data- -including 
data accumulated as the investigations proceed. 


The decision to "freeze" the investigations and design pattern 
and proceed with construction is a crucial one, and should be made 
only after making a realistic assessment of the ill effec;ts, if any, which 
could result if further investigations are not made. 


Snowy Investigations 


vVhen the Snowy Mountains Authority began its ope rations in 
1949 little was known of the Snowy Mountains area (Fig. I), and a 
comprehensive mapping and investigation program was planned and 
progressively carried out. In view of the urgency for production of 
power and consequently the need to get construction under way as 
soon as possible, all types of investigation from broad regional 
surveys to detailed investigations of individual features, such as dam 
and power house sites, were undertaken simultaneously. 


For topography the usual methods of aerial and ground survey 
were used and a first order precise survey net established for over- 
all control. Photo-theodolite surveys were used for details of feature 
sites and, in the steep rugged canyons which characterize much of 
the topography, proved to be very much faster and more accurate 
than other survey methods in such terrain. They were also used to 
record excavation progress -both surface and underground. Surface 
geology, both regional and local, was carried out by usual geological 
survey methods. Sub-surface investigations included diamond core 
drilling, seismic prospecting, and investigation shafts and tunnels. 
Owing to their high cost the latter were undertaken only after the 
other methods had established that a site appeared to be reasonably 
competent and construction feasible. 


From the beginning of the work it was obvious that the behavior 
of rock in large tunnels and underground excavations would be a most 
important factor in design and construction. This led to a program 
of investigations relating to rock behavior and rock support, some 
aspects of which in connection with the T 1 Power Station are described 
in this paper. 


T1 Power Station 


The region in which the power station is situated is a plateau, 
some 5, 000 ft. above sea-level, which is deeply dissected by the 
Tumut River and its tributaries. Iri the vicinity of the T 1 and T2 
power stations the Tumut Valley is 2500 to 2000 ft. deep, (Fig. 2), 
and the river flows as a continuous series of rapids through a 
boulder filled channel, 70 to 120 ft. wide, usually without a flood 
plain. 


Near the power station, the valley walls rise from the river 
channel on a slope of about 40° to 45° for a height of 1300 ft. and 
then flatten. 


The power station is situated under the steep right bank, 


1100 ft. in from the river bed at its nearest point and 1, 000 ft. 
below natural surface. 


The layout of the T1 Power Station is shown in Fig. 3 with 
details in Fig,s. 4 and 5. It has a capacity of 320, 000 kw in four 
machines developing a head of 1, 100 ft. The general dimensions 
of the machine and transformer halls are given in Fig. 4. The 
former has a maximum height of 105ft. and the latter 43ft. 
Vehicular access is through an access tunnel about 1, 300ft. long 
on a down-grade of 12-1/2 per cent. Personnel access is via 
a concrete-lined, vertical elevator shaft, 10 ft. in diameter and 
1, 200 ft. in depth. 


R-341 
3-26-59 
769 


The tailrace surge chamber is an enlarged tunnel section some 
1, 000 ft. in length with a horse-shoe shaped upper chamber 25ft. 
high and 220 ft. long. From the tailrace surge tank a tailrace tunnel 
3, 300 ft. long and 25 ft. in diameter carries the water back to the 
Tumut River. 


A number of sites in this area were examined progressively by 
surface mapping, air-photo interpretation, and diamond drilling. An 
assessment of these results led to the selection of the present site 
which appeared to be free from major faulting and to be the most 
favorable. 


The site was explored initially by geological mapping of the 
surface and by diamond drilling. Five sloping holes from 705 ft. to 
2005 ft. in length were drilled from the surface, four of them extend- 
ing to below the level of the station. Based on this drilling a site for 
the station was tentatively adopted and explored further by a tunnel 
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approximately 8ft. by 8ft. in cross section and 1100 ft. long driven 
from the Tumut River into the station site. From chambers near the 
end of this tunnel 6 diamond drill holes with a total length of 1377 
feet were drilled into the machine hall area and across the tailrace 
surge chambers. 


The rock at the power station site is of two types (1) Boomerang 
Creek gneiss and (2) Happy Valley granite. The granite occurs in 
sheet-like masses 100 to 300ft. thick intrusive into the gneiss. Their 
distribution at power station level is shown in Figs. 3 and 6. 
The 
contact between the two rock types is usually gradational over a dis- 
t ance of several inches but in some places the transition zone is as 
much as 20 ft. wide. Viewed broadly the boundaries are fairly straight 
for distances of several hundreds of feet, but in detail they show many 
irregularities. 


Several dolerite dykes varying up to several feet in width occur 
in the access tunnel and pressure shafts, and a small one in the 
machine hall roof. 


On the steep slopes above the power station there are numerous 
scattered rounded outcrops of broadly jointed granite forming low 
cliffs, and less conspicuous typically angular, closely jointed outcrops 
of gneiss. The outcrops are much loosened by mechanical weathering, 
and many blocks are on the verge of instability. Weathering may 
extend from 100 to 350ft. below the surface. 


Occasional large masses of granite appear almost fresh in 
outcrops, but often prove to be huge residual "boulders" or pinnacles 
of fresher granite surrounded by more intensely weathered granite. 
The depth and intensity of weathering is generally least in the valley 
floor and increases up-slope. 


Both rock types at the power station site are extensively jointed. 
Although this jointing is not developed in a very regular pattern, it is 
possible to distinguish three principal directions of jointing which are 
approximately parallel to the minor faults A, B and C shown in Fig. 6. 


The two rock types exhibited characteristic differences in the 
general spacing of the joints and the nature of the joint surfaces. The 
joint spacing in granitic gneiss was usually between 6 ins. and 2ft. 
The joint surfaces were usually smooth and slickensided and 
dark green in color due to thin coatings of chlorite. Clay coatings 
were riot common and most joints were tightly closed. Because of 
the nature of the joint surfaces it was common in the excavations 
for the granitic gneiss to break to the natural joint planes rather than 
break across the rock resulting in angular surfaces and local small 
overbreak in many places. 
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The joint spacing in the granite was variable but was generally 
in the range of 1 to 5 ft. 
The more closely jointed zones occurred 
irregularly, and slickensided joints were not so common as in the 
gneiss. Most joints were tightly closed, and because of this it was 
found that breakage of the granite often occurred along new fracture 
surfaces rather than along natural joints. 


Another geological structure of importance was a nearly 
horizontal persistent zone of close fracturing, a few inches wide with 
heavy limonite staining along the fractures which occurred throughout 
the machine hall and transformer hall area, D in Fig. 6. It was located 
a short distance above the portals of the penstock tunnels on the upstream 
wall, and above the tailrace tunnels on the downstream wall. 


It was judged that the power station could be constructed in 
either rock type, but because of the difference in jointing it was con- 
sidered that large openings would be easier to construct in the granite 
and would require less permanent support. For this reason the greater 
part of the station was located in the thickest granite sheet. 


In determining the orientation of the power station, the directions 
of jointing and shearing were the most important geological considerations. 
In general it is undesirable to have persistent joints parallel or nearly 
parallel to a large surface, such as long high walls. The more closely 
the direction of strike of such joints approaches the direction of the 
normal to the surface, the less effect the joints have in causing instability. 


Although the joint pattern predicted from the exploratory tunnel 
and on surface exposures proved to be quite similar to that from the 
actual power station excavation, the narrow, very persistent minor 
faults A and B, {Fig. 6) were not discovered during the exploratory stage. 
On the -other hand, shearing which was noted in several localities at the 
boundary between granite and gneiss did not occur in the actual 
excavations. 
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Large flows of groundwater were struck during drilling from 
the end of the exploratory tunnel, and reached a maximum of about 
800,000 gallons per day. The peak flow from the access tunnel and 
power station excavations including contributions from the exploratory 
tunnel, drill holes, pressure shafts, and lift shaft, was about 
1, 800,000 gallons per day, which is remarkably low in view of the 
high flows encountered in the exploratory work. 


As the excavations progressed it was observed that most of 
the rock mass was practically impervious owing to the joints being 
tightly closed or sealed. However, a few joints were encountered 
which were open, and practically the entire groundwater inflow came 
through these fissures which had been intersected by the exploratory 
drill holes. 


The free draining properties of the rock mass have been 
preserved by limiting the grouting of the rock around excavations. 


In view of the groundwater conditions, it was considered that 
both the roof and the walls should be free draining, and an open rib 
type of roof with 4 ft. by 4 ft. reinforced concrete arch ribs at 
spacings varying between 8 ft. and 12ft. was adopted for both the 
machine hall and the transformer hall, (Figs. 5 and 7). 
At the roof 
abutments the ribs are supported on a reinforced concrete beam 
which is continuous except for contraction joints spaced at approxi- 
mately 100ft. centers. 


To expedite construction and for economy, it was decided to 
use rock bolts to support the roofs of the machine hall and the trans- 
former hall prior to placing the concrete ribs, and also for wall 
support. (Figs 7 and 20). 


~ Above generator floor level on the upstream wall of the 
machine hail and above the main floor level at each end wall, the 
design provided for the vertical rock walls of the power station to be 
free draining. The location of the draft tube gate slots (Fig. 7) 
necessitated placing concrete against the rock walls, and weep holes 
into these slots are provided. 


Moye (5) has given a detailed account of the investigations, 
geology and rock properties for the Tl site. Average results for 
mechanical tests on the two types are given in Table 1. 


The most significant feature of the test results was the high 
compressive strength. This was approximately 20, 000 psi for both 
types except for the gneissic granite (Type 2 ) in the transformer hall 
area where it was 14, 000 psi. The rock also had a definite limit of 
proportionality in compression at approximately 12,000 psi. 
Poisson1s ratio was about O. 25. 


STRESS IN A ROCK MASS 


Natural State of Stress 
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The natural state of stress in a rock mass is here used to define the 
state of stress in the rock mass prior to disturbance by the excavations. 


The assumptions most frequently made when attempting to assess the 
natural state of stress which may be encountered· in large underground cavi- 
ties are the ideal ones that the rock is homogeneous, isotropic, perfectly 
elastic, and that nowhere do the stresses exceed the elastic limit of the rock, 
(4), (5). It is rarely, if ever, that these ideal conditions are realized and 
estimates for the stresses at the site of underground excavations must take 
into account geological structure, mechanical and chemical state of the 
rock, and topography. Also the assumption that the initial stresses are 
uniform in the zone to be excavated is only justified where the excavation is 
distant from the natural surface. 


The test results for unjointed and unaltered gneiss and granite at 
T 1 showed they are strong rocks with quite similar strength and elastic 
properties. However, these are not necessarily the properties of the rock 
mass, which is disrupted by joints and faults and also by blasting during con- 
. struction operations. Ideally the strength and elastic properties of the rock 
mass should be measured in place. However, in a rock mass in which the 
joints are tightly closed and interlocked the compressive properties may not 
depart very significantly from those measured on specimens in the laboratory. 
The tensile properties are likely to be very different since the rock mass in 
tension would certainly part readily alcng existing fractures. 


A measure of the compactness or degree of interlocking of the joint 
blocks of the rock mass is given by the manner in which it breaks during 
excavation. 
In the gneiss at T 1 the surfaces of excavations were composed 


al:p:10st entirely of flat joint faces, indicating that under the effects of blasting 
ti:i.e rock mass broke more readily along joint planes than across joint blocks. 
In contrast, in the granite was a large proportion of these surfaces composed 
of fresh fractures where the rock mass broke across joint blocks rather than 
along existing joint planes. 


If the ideal as suinptions are made for the T 1 site, then the vertical 
stress 0Z due to gravity would be 


(1) 


surface. 
where J' is the unit weight of the rock and a. is the depth below free 
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Ignoring any tectonic forces or other disturbances. the horizontal 
stresses o;; 
and CTy 
in the rock corresponding to 
r:7% 
would 
depend only on the elastic properties of the rock. If lateral expansion is 
prevented and '1) 
is Poisson 1s ratio, then 


( 2) 


Under these conditions t7; 1 o-; J 
and OZ 
are the principal 
stresses; and N the ratio of horizontal stress Oi[ 
to vertical stress o; is 
given by 


N= 1-11 


At Tl Power Station, where z is 1, 100ft. 1 1/ 


171 lb. per cu.ft. 


av = _pz. == /310 p.s.l. 


(3) 


is 0. 25, and f 
is 


(4) 


( 5) 


For a groundwater level 900 ft. above the station the groundwater pressure at 
the site would be 390 psi. This implies that joints in the rock may be held 
open by the groundwater pressure if CiH 
were of this order. Open vertical 
joints carrying water were found at right angles to the machine hall axis. 


The natural state of stress was partially determined at T. 1 power 
station and at two other localities in the Snowy Mountains, by measuring the 
tangential compressive stress in the surface layer of rock around the excava- 
tions in horizontal and vertical directions, using an adaptation of the flat 
jack method described by Tincelin (16). This work, which has been described 
by Moye (5) showed that approximately OV 
was 1, 500 psi, and that O'jj 


was 1, 700 psi normal to the machine hall axis and approached zero parallel 
to this axis. This latter result is consistent with th(! open joints c, Fig 6, 
at right angles to the station axis. It is obvious that designs based on equations 
(1) to (5) could be far astray and may be disastrous. 
. 


It is considered that actual measurements of the natural state of stress, 
even though the results must be used with caution, owing to the errors inherent 
in such measurements, is a prime essential for the intelligent design and 
construction of underground works. 
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The natural state of stress can also be disturbed by stress concen- 
trations caused.by a V notch like the Tumut Valley (Fig. 2). Qualitative 
photo-elastic studies using gelatin models were made of this effect and 
indicated that ON 
could be very much higher than given by equation (2). 
The past tectonic history of the region and the present state of tectonic 
activity may also influence the state of stress in a manner which cannot 
at present be reliably predicted. 


Excavation Sequence 


The actual state of stress following excavation of an opening depends 
not only on the initial stress condition in the rock, but also on the shape of 
the opening, the dimensions of the opening, "l.nd the geological conditions 
actually encountered. Many investigators ( 6, 7, 14, 15) have examined the 
stress concentrations for circular and elliptical tunnels and spherical 
cavities. These results are useful as a guide for normal tunnel work but 
must be used with considerable judgment in the case of a large irregular 
opening, such as a power station. In· order to assess the conditions that 
might be encountered during construction of the T 1 Station, photo-elastic 
studies were made of the proposed excavation sequence. 


In the design of the Tl Power Stq.tion it was assumed that, in the 
machine and transformer halls, the section of the excavation from the crown 
of the roof to the abutments would be excavated first and that the concrete 
ribs would be placed before the excavation was carried down (Fig. 5). This 
would give a narrow elliptical opening with a major axis of some 77 ft. and 
large stress concentrations in the abutment areas. The effect that the 
progress of excavation would have on the stress distribution around an 
opening of the shape planned for the machine hall and transformer hall was 
also required. To obtain this information a series of photo-elastic studies, 
covering the various stages of excavation from the roof section to the 
complete opening were undertaken. These studies were also used to ascer- 
tain the effect that the ratio, N, of horizontal to vertical stress would have 
on stresses round an excavation of this shape. Typical illustrations from 
this sequence of studies are given in Fig. 8. Fringe values Fn and Fs for 
a oy of 1, 000 psi are given with each figure. Fn is the value of normal 
stresses and Fs the value of shear stresses. Studies were also made with 
stress field at 45° to the vertical axis of the power station. Stress con- 
centrations in terms of fringe numbers at important points on the boundaries 
of the excavation are marked on Fig. 8 and an indication given of the 
. 
tension and compression zones. The series of tests illustrated by Fig. 8 
used gelatin models so as to obtain the effect of body forces for various 
values of N, and illustrates the elimination of the tensile zone in the roof and 
floor with increase inN. 
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These studies showed that the worst conditions would occur 
when the first stage of excavation was opened up. Maximum con- 
centrations occurred at the abutments of the roof and, providing the 
rock in the roof was stable under this condition, it should be satis- 
factory as the excavation proceeded downwards. These tests also 
showed that it was possible to have a tension zone in the rock away 
from the surface in the vicinity of the abutment beams. 


Studies were also made for various other methods of opening 
up the roof zone. These showed that opening up the whole area of the 
roof section from the crown to the abutment level, probably gave the 
most suitable conditions. Other photo-elastic studies were used to 
plan the relative location and orientation of the various openings in 
the T 1 area. 


Effects of Blasting 


The depth of penetration of the effects of blasting - loosening 
of the surface layer of rock - is not known, although attempts are 
being made to measure it by a seismic method. 


Blasting applies a sudden impulsive increase in pressure 1n 
the vicinity of the charge which results in fracture of the rock and 
its displacement. This is accompanied by both pressure waves and 
vibration in the rock mass. The first impulsive increase in compres- 
sion is followed by a complete release of stress normal to the new 
surface. It also may release pressure water in the joints. This, in 
effect, gives a sudden elastic strain and redistribution of stress around 
the opening, which is followed by a time effect. The relaxation of 
either strain or stress or both with time is well known (8), (ft.), and 
is the explanation of what miners and tunnellers call the "bridge effect" 
or "hang-up" time. 


ROCK JOINTS AND ROCK F AlLURE 


The results of theoretical analyses or of photo-elastic studies 
must be used with caution for structures such as rock excavations, 
particularly underground excavations. Rock as a structural material 
is neither homogeneous, iostropic, nor perfectly elastic and, is often 
looked on as a brittle and rigid material that fails only by "fracture". 
However, both igneous and sedimentary rocks when subjected to high 
temperatures or pressures or both tend to "flow 11 and take on the 
nature and properties of plastic or viscous materials (8), (9). 


Failure by "flow" is connoted by such mining terms as 
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11 squeezing" or "swelling rock" and although such rocks have been 
controlled by rock bolts or anchors they are not dealt with in this 
paper. 


The rock failure under consideration can be defined as due 
to "slipping", 
11 separation" or both, and is generally closely related 
to the joint pattern in the rock. 


Slipping includes fracture by shear through the intact rock 
or by slipping on joint planes. In the latter case, not only must the 
surface friction of the joint be considered but also aiJ.y interlocking 
between the joint surfaces which would result in shear also playing 
a part. 


Failure by a separation fracture can be caused in two ways, 
viz, tension or rotation. Tension failures either direct or caused by 
bending are well recognized on a large scale by geologists. "Popping" 
rock is another form of tension failure. Failure by rotation is 
generally the direct result of the joint system in the rock. Under the 
combination of forces which may exist in the rock mass individual 
blocks are displaced. The displacement can be either a simple slipping 
or sliding, or in the more general case, the block is rotated under a 
moment, the joint opens and failure occurs by slipping or by crushing 
or shearing at the corners of the block. This is the typical action of 
"stoping" which is the familiar term used by tunnellers and miners to 
indicate a process of fall-out from the roof of an excavation. Another 
form of failure "spontaneous disintegration", which is found only rarely, 
was exhibited by basalts in the T l area which, after exposure varying 
from a few weeks to a year, disintegrated into pea-size pieces. 


It is very rarely that rock free from joints is found in nature. 
Joint patterns are never random, they may be irregular or regular. 
Joints may be smooth surfaces, either plane or slicken-sided, but most 
joints are either rough or have irregularities, and the irregularities 
on one joint block very commonly interlock almost perfectly with the 
complementary irregularities in the adjacent joint block. Even polished 
slickensided joints which are smooth in the direction of the slickensides 
are generally irregular in all other directions. Under these conditions 
the force acting in the surface of the excavation must be great enough to 
overcome not only the friction of the joint surface but also to shear off 
the interlocked irregularities if the block is to slide. These conditions 
apply to very many joints. 
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If the joint blocks which are separated by a rough joint can 
move apart or rotate1 the amount of interlocked rock is reduced and 
less force is required to cause failure of their interlocked rough 
joints and to permit movement along the joint. 


Considering a group of joint blocks, movement may also be 
prevented or limited by the interlocking effect of adjacent blocks. 
For failure to occur it may be necessary for interlocked parts of 
blocks to be sheared or crushed. In general, any jointing pattern 
is not persistent over great distances. However, as in the case of 
T 1 Power Station, persistent joints were found, for example (A), 
(B) and (D) in Fig. 6. 
In such cases the joint is generally undulating. 
Joints may also be lubricated by the accumulation in the joint of debris 
from rock movements, depositions from circulating water, or the end 
products of the chemical decomposition of rock minerals. 


It is obvious that jointed rock is neither homogeneous nor 
isotropic and in the mass may be only moderately elastic. In some 
areas, it may be completely non-elastic and exhibit all the properties 
of a plastic or viscous material. The joint system may range from 
joints at wide intervals of many feet to closely spaced joints of a few 
inches. Although diamond drilling and exploratory tunnels give much 
·valuable information1the detailed condition of the rock is not known 
until the excavation is made. 
The materials which may be encountered 
can range from almost intact rock to a material that resembles crushed 
rock aggregate. In the latter case although the size of the fragments 
may be comparable to aggregate sizes, they never have the random 
arrangement found in aggregate. 


However, the fact is that rock is jointed and must be dealt with 
as such if a satisfactory structure is to be built. 


In general it is known that the jointed rock around an excavation 
is loose to varying degrees, and that the rock mass appears to fail 
by sliding in towards the excavation along joints, accompanied by rota- 
tion of blocks, by crushing of irregularities along the joint planes, and 
by shearing or crushing of parts of interlocked blocks. These slight 
movements permit the outer layer of rock to become wholly or partly 
destres sed, and the highly stressed zone migrates back from the 
surface of the excavation until eventually the rock mass becomes 
strong enough to carry the load. 
It can be inferred that this is brought 
about by a decrease in the difference in the minor and major principal 
stresses and by the accompanying increase in the strength of the rock 


under triaxial conditions. In this manner a "decompressed" zone 
develops around an excavation. Analytical studies and experi- 
mental investigation of such zones have been described by Talobre 
( 14). 
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Photo-elastic studies were made which illustrated these 
effects for the joint pattern in the roof of the power station. Tests 
were also carried out with plaster of paris bars with joints in various 
directions, both under end forces and transverse load to examine the 
behavior both of smooth and rough joints. The most comm_on ~ause 
of failure was by rotation and is illustrated in Fig. 9. 
The 
joint on the tensile side tends to open whilst the reaction between the 
two blocks on either side of the joint plane is transferred to a smaller 
area as the opening proceeds. Eventually, the joint fails by a shear- 
ing or crushing of the material at the point or points about which 
rotation is taking place. For two unconfined blocks failure took place 
almost in every case by shear of one form or <mother at this point. 
If the point of failure is confined~ (c) Fig. 9J .. then although the 
initial fracture may be a shear fracture at an angle to the joint surface, 
the material is still capable of carrying load and is eventually crushed. 
With continued rotation the final fa:ilure was sudden, although ample 
warning had been given by the shear and crushing. This is one 
source of the "rock noise 11 mentioned later. 
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SUPPORT 


In almost every underground job support of one form or another is 
used during construction to prevent collapse of weak zones in the rock. The 
conventional type of support is steel or timber 11 ribs 11 or 11 sets 11 , using these 
terms in the wider sense to include ancillary support facilities. 


During the last decade, rock bolts have come more and more into 
prominence as a means of supporting rock excavations. Prior to the 
World War II they had been used only to a limited extent. The view that 
rock bolts only 11pin'' or 11nail 11 blocks or slabs of rock which are loose 
to the sounder rock behind them, is erroneous. Rock bolts are useful 
for this purpose and have been so used for a long time but, the use of rock 
bolts in this way, imagining that they are providing general support, can be 
dangerous. 


It is well known from experience that there is a time factor involved 
in the failure of jointed rock - either complete failure leading to collapse 
of rock into the openings, or partial failure resulting in loosening of the 
sq.rrounding rock: In the interval between the time of the blast which forms 
the open~ng, and the time when the rock mass either collapses or reaches 
stability, progressively increasing or decreasing amounts of movement 
occur along joints. 


For either steel rib support or rock bolts it is extremely important 
for the support to be placed as soon as possible after blasting in order to 
prevent movement of the loosened rock. 
Once the rock has begun to move 
it is much more difficult to hold and, it generally requires a great deal 
more 
support. 


On the T 1 job both steel rib support and rock bolts were used. 
Probably the most spectacular use of steel ribs was in the excavation of 
the surge tank which is shown in Figure 10. In the large machine hall 
and transformer hall excavations it was decided to use rock bolts. 


The manner in which bolts function in comparatively soft rocks, 
particularly those met with in coal mining, has been the subject of many 
investigations, but relatively little information was available concerning 
rock bolts in hard jointed rocks, such as granite and gneiss. The Snowy 
Mountains Authority therefore undertook a program of investigations to 
study how rock bolts function in hard, jointed rock and to establish 
techniques for their installation. 


ROCK BOLT INVESTIGATIONS 
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The term rock-bolting, as used here, means the designed use of 
rock bolts to develop jointed rock into a structural entity which can 
competently play its part in a structure such as a power station. 


It is important to distinguish between "anchor bars'' and 


11 rock 
bolts". Anchor bars are steel bars grouted into drilled holes in the 
rock and are not tensioned. Rock bolts are steel bars inserted in holes 
drilled in the rock, anchored at the end of the hole and tensioned by a 
nut and washer at the free surface of the rock. If they are grouted then 
the tensioning must be carried out before grouting. Rock bolts, due to 
the tensioning, create a principal compressive stress normal to the 
free surface of an excavation where, without them, there would be only 
principal stresses parallel to the surface. This is borne out by their 
very effective use to stabilize "popping" rock. This implies th:Cl:t, 
ei~her 


at or immediately behind the free surface, the bolts form a diaphragm 
of material somewhat less in thickness than the length of the rock bolt, 
which can be used as a structural member whose properties can be 
ascertained and whose behavior can be assessed and designed for_. It 
is obvious that, if rock bolts are to be designed to carry out the tasks 
enunciated above, then it is necessary to know their behavior in rela- 
tion to both intact and jointed rock. This requires not only knowledge 
of the behavior of rock bolts but also of the behavior of jointed rock 
either with or without rock bolts. 


Simple Joints and Rock Bolts 


For undergrormd excavations the rock is generally confined 


-within the rock mass except at the free face. 
The case of loose surface 
blocks or slabs of rock offers no particular problems. 


Individual rock bolts installed in jointed rock, in a direction such 


that the bolt makes an angle with the normal to the joint of less than the 
angle of friction, increase the friction on the joint by increasing the 
normal reaction across the joint. But more important, by holding the 
blocks together and preventing opening and rotation, they maintain the 
interlock of rough surfaces, and by this means bring into play the 
strength inherent in the interlocked rock. This effect can completely 
overshadow the friction effects. Therefore, it is important to establish 
what tension should be given to bolts when they are installed, and what 
the effects might be if this tension is released by rock movements or 
vibrations. 


Theoretical analyses were made for a number of simple cases 
of blocks of rock at the surface of an excavation. These analyses are 


given~n Appendix II. From these analyses it was concluded that (a) 
although rock bolts can exercise a very considerable stabilizing 
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.~uluence on a rock mass with relatively low tensions in the bolts it 
would be desirable in practice to maintain bolt tensions to some 
specified minimum. 
(b) If the tension in a bolt increases or decreases 
after it is installed it is a warning that relative movement of blocks 
of rock is taking place. (c) Initial movements of the jointed rock before 
placing holts should be reduced to a minimum. 
(d) In a jointed rock, 


it rarely occurs that failure is due to sliding on the joints only; it is 
brought about by sliding and rotation. 
In either case sliding and rota- 
tion almost inevitably, in the case of confined rock blocks, cause the 
development of end forces on the block which have a stabilizing effect 
on the jointed mate rial. 


Machine Hall Roof 


Figure 11 shows a model, made from lencite blocks which was 
constructed to show.qualitatively the use of rock bolts to support the 
roof and abutment of an excavation similar to T 1 Power Station. The 
blocks were cut in two directions, corresponding approximately with 
two main joint directions, A, B, Figures 6 and 23. The spacing, 
persistence, and direction are of course much more perfect and regular 
in the model than in the actual excavation. 


The bolts were represented by thread and were tensioned by 
small steel springs. The pattern of bolting was similar to that used 
in T 1 Power Station roof. 
The top and sides of the model could be 
loaded by springs to simulate conditions at depth around the excavation. 


The behavior of the model was studied under various loadings 
on the top and sides. 
vVith the bolts in place and no loading on the top 
or sides, the model was quite stable, (a) Fig. 11. 


Loading on the top of the model caused deformation of the whole 
mass by differential sliding along numerous joints in both directions and 
progressive removal of bolts caused blocks to fall out locally (b) Fig. 
11 , and finally general collapse. Tension cracks tended to open 
between blocks below both abutments (Fig. 11). These developed quite 
differently on the right-hand side compared with the left-hand sideJ 
demonstrating the influence of the orientation of the joints in relation 
to the applied forces and the shape of the excavation. The bolts greatly 
restrained the opening of these tension cracks. 


Photo-Elastic Investigations 


A guide to the behavior of rock bolts and the stress condition 
they cause was obtained by photoelastic investigations. These covered 
such variables as tension in bolt, length of bolt, spacing between bolts, 
angle of bolts to free surface and the effect of bolts at re-entrant angles 
and other construction features~ Examples from the series of tests 
with bolts normal to the free surface are given in Fi"g. 12. The models 
were CR. 39 plastic 1/4 in. thick and of varous widths and lengths to 
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suit the matters being investigated. Bolts were simulated by loading 
heads connected by steel piano wire on either side of the plastic plate. 
Analyses of the stress patterns show very clearly that to develop a 
zone of uniform compression between the ends of the bolts, the ratio 
1 Is should be not less than 2. Where 1 is the length of the bolt and s 
the distance between bolts. At this value the zone is relatively narrow 
whereas for 1 Is equals 3, it is approximately two-thirds of the bolt 
length (Fig. 12). Between the bolts, tension develops in the surface 
and there is a small area subject to tension which reaches its maximum 
· mid-way between two bolts. 


Similar investigations were carried out for bolts at 45° to the 
free surface with bolts in one direction and also crossed. In au·cases, 
it -was found that the 1 Is ratio had to be approximately 2 or more to 
give a zone of uniform compression. Fig. 12 shows stress patterns 
for an unconfined condition, i.e, no end restraint. Under this condi- 
tion, uniform tension is induced in the material at right angles to the 
direction of the bolt. If end restraint or end loading is applied, then 
the tension is eliminated by a developed compression. Following the 
simple joint studies a model (Fig. ·13) was constructed to confirm that 
material with regular joints could be stabilized by rock bolting. The 
regular joint pattern selected approximated the pattern encountered in 
the machine hall roof. The model consists of approximately 640 pieces 
of CR39, 114 inthick. Each block has smooth sides and stability is 
dependent entirely on the compression developed in the mass by the 
three rock bolts. End loading was not imposed but was developed against 
end restraint by tensioning the rqck bolts. The model was free standing 
·-and. the patterns shown in Fig. 13 were obtained with circularly polarized 
monochromatic light. It can be seen ·that stress concentrations occur 
at the corners of most of the small blocks, i.e., the blocks slide and 
rotate. The transfer of stress from bolt to bolt can also be seen together 
with comparatively large areasd fairly uniform stress. The conditions 
in this model were far worse than would be encountered in actual 
construction. 


Another conclusion from the photoelastic .investigations was that 
pattern bolting would be far more efficacious in controlling the unknown 
conditions behind the surface of an excavation than random spotting of 


individ~al bolts. Pattern bolting has been followed throughout the T 1 
Power Station excavation and the ratio 1 Is has been between 2 and 3 for 
this work. No jointing pattern in the rock is completely regular 'and the 
casual spacing of bolts based on superficial surface conditions co_uld 
well lead to disastrous consequences. 
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Box and Bucket Models 


-Rock met with in practice varies from intact material to highly 
crushed and fractured rock. .The photoelastic studies gave an insight 
into rock bolt behavior in an elastic, isotropic material. Therefore, 
investigations were made into the behavior of bolts when used to 
stabilize an uncoherent crushed rock mass like aggregate used in con- 
crete. Most rocks encountered in construction lie between these two 
extremes. 


The first model consisted simply of a rectangular box with a 
leucite front which was filled with small crushed rock 3/16 in. in size 
using model rock bolts, Fig. 14. The mass was compacted by vibration 
to eliminate some of the looseness inherent in this material. After 
tightening the bolts the box was inverted and it was found that this 
material did not fall out. A second qualitative. test was made with an 
ordinary household bucket, Fig. 15. The lateral pressure developed 
by the bolts was sufficient to support not only the weight of the material 
in the bucket but an external load as well. It was concluded that the 
material was behaving in a quasi-plastic manner under the pressure 
created by the rock bolts, thus developing the lateral forces needed 
to support the rock mass and bolt. 


A model of the machine hall roof using this material was also 
constructed (Fig. 16). 
The model had provision for side and top load- 
ing of the crushed rock material. After several trials, it was found 
that the material could be successfully bolted and could not be failed 
even although some hundreds of pounds was added as a top load. 


Tension Zone 


In the photoelastic investigations it was noted that at the free 
surface between rock bolts there existed a small tension zone. In the 
uncoherent crushed rock material there was a fall-out of loose material 
in this zone. Such fall-out occurred and can be seen in (b) Fig. 14, 
where small vaults have been created between the boundaries of the rock 
bolt washers. This was the first lead to an explanation as to why in 
practice relatively light steel wire mesh support between bolts was 
capable of stabilizing loose rock surfaces. The fall-out of this small 
amount of loose material in the tension zone between bolts can easily 
start an "unravelling" of the whole mass due to the movement of 
certain key fragments which, although carrying little or no load, may 
start a run if they are removed. This action was demonstrated with the 
machine hall roof model and examined by means of high speed moving 
pictures. 
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In the machine hall roof model the very small amount of support 
needed to cope with these tension zones was demonstrated by using one 
cigarette paper under each rock bolt washer. (Fig. 16). 
Following the 
completion of bolting the cigarette papers were burnt away and the 
whole mass still remained stable. All work on the small models was 
carried out without support between bolts. This undoubtedly led to 
a greater proportion of failures but it was done deliberately to examine 
the nature of the fall-out, the shape and extent of the vaults created, 
and the mechanism of failure. 


Single Bolt Tests 


Following the preliminary work, investigations were made using 
single bolts in cylindrical tubes, which gave experimental resul.ts in a 
form that could be analyzed more easily. These tests showed that when 
the bolted anchored rock was just stable there appeared to be a relation- 
ship between the clear space s between bolt washers, the mean particle 
size m, the bolt length 1 and the bolt tension B. Although generalized 
forms of the relationship have not yet been fully resolved the ratio 


proved to be a useful parameter. For example, in investigating the effect 
of particle shape, a series of tests were made using marbles in a vertical 
box having a width slightly greater than the marble diameter and fitted 
with an adjustable opening in the bottom. For an F number of 3 the 
marbles were always stable. 
If the F number was 4 they invariably 
failed. At present this parameter is not sufficiently established to be 
used for design purposes. 


> 
• 


To further illustrate both behaviors, another model shown in 
Fig. 17 was also constructed. It consisted of 3 in. X 1/4 in. cylindrical 
rods of polystyrene made up into the form of a beam. The circular 
shape was selected as probably being the least stable which could be 
used. The F number adopted was 3 and the bolts were spring loaded 
so that bolt tension could be determined. The loading jig enabled end 
loads to be applied or measured and also provided for free or fixed 
end conditions. The fall-out between bolt washers, thus creating vaults, 
can be easily seen. The beam w,as loaded with a concentrated load (b) 
Fig. 17 and was found to behave approximately elastically up to failure, 
which, when it occurred, was sudden and catastrophic. For an F value 
of 4 the beam was always unstable. 


Crushed Rock Tests 


Following the small-scale tests larger scale tests for material 
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similar to that which might be encountered in excavation practice and 
using bolts of large siz.e were begun and are continuing. The testing 
apparatus consists of a box 4 ft. x 4ft. x 4ft. (Fig. 19) with vibrat- 
ing wire pressure cells mounted in the sides to measure lateral 
pressures, and a hydraulic jack assembly to apply and measure 
central loads . 


. From the small scale tests it was concluded that bolting of the 
crushed rock was creating from the uncoherent fragmented rock 
mass a quasi-elastic diaphragm between the ends of the bolts. There- 
fore, in these larger scale tests it was decided to construct diaphragms 
with various thicknesses. 
The method of using the testing rig was 
to bolt a temporary floor of planks underneath the box, place the rock 
bolts in position, fill the box to the required depth, assemble and ten- 
sion the bolts, and then remove the floor. Following this the diaphragm 
was loaded, and deflections, loads, lateral pressures and bolt tensions measured. 


The results of several of these tests are shown in Figs. 18 and 19, 
and in Table 2. Results of typical tests with material, 1. 5 to 2. 25 in. 
in size with an F number of 4. 25, and a bolt length of 23 in. are given 
by curve 11 Fig. 19. 
After removal of the bottom the loose rock in 
the tension zone between the washers fell out, creating the vaults .. Load' 
was applied and although there had been no indications of failure, a' few 
fragments dropped out at 7, 000 lb. (D Fig. 19) and commenced an 
unravelling leading to failure. In order to prevent this and to demonstrate 
how flimsy may be the support needed between the bolts, the test was 
repeated with 2 in. by 24 gauge chicken wire netting placed beneath the 
l:nlt washers, (a) Fig. 18, but not attached to the sides of the box. There 
was little bulging of the wire and the model was loaded and unloaded in 
accordance with the sequence shown graphically in Fig. 19. 
Cyclic 
loading was applied at various loads, and small permanent deflections 
occurred with each cyclic loading in the early stages, e. g. between 3 
and 4 in., Fig 19. At 5, 7, 9, Fig. 19, it will be observed that, after 
a number of cycles, further permanent deflection ceased and constant 
hysteresis loops were obtained. At 8, the load was left on overnight and 
there was a relaxation of strain and load in the 12 hours which illustrates 
the time effect noted in practice. After bringing it back to the maximum 
load, viz. 13,000 lb., the load was reduced to zero and a series of cycles 
at 0 to 10,000 lb. applied. At this stage, 10, Fig. 19 the chicken-wire 
was cut away, (b) Fig. 18 when fall-out in the tension zones occurred with 
typical vaults appearing between the bolts. 
It was again loaded from 10 


to 11 during which rock fragments were falling out, and left standing at 
13,000 lb. for an hour. Occasional fragments fell, giving a small 
relaxation in strain and load. The mass was then saturated with water 
and it failed by general collapse. 


Significant features illustrated in Table 2 and Fig. 19 are 


(a) 
the general curve of the envelope 2, 3, 4, 6, 8, 11 is 
typical of a brittle material, 


(b) 
the unloading and reloading curves for the cyclic load- 
ing follow a power law of the form W equals b (h-a)n 
and show elastic hysteresis, 


(c) 
the crushed rock material behaves quasi-plastically 
and after work~ng has .a "yield" point which increases 
in a manner analogous to "strain hardening" for 
ductile metals. 


The other test results given in Table 2 are for crushed 
rock identical with that used· for tests in Fig. 26, with 4 bolts instead 
of 9. However, the bolt tensions were increased from 5, 000 lb. to 
15,000 lb., following results from the small scale tests which showed 
that if bolt tensions were increased, then F numbers could be increased 
also. 
2 in. by 24 gauge chicken-wire was used under the bolt washers. 
It was anticipated that the wire in this case would be carrying a larger 
load than in thee~rlier test and this.proved to be the case. Loading 
was carried through a series of cycles and the material. was quite stable 
up to the maximum load of 13, 000 lb. Again, the chicken-wire was cut 
butthis time failure occurred by unravelling when about three-quarters 
of the chicken-wire had been removed. 


These investigations demonstrate - 


(a) that crushed rock can be stabilized by rock bolts and 
the diaphragm formed between the ends of the bolts 
behaves as an integral, quasi-plastic structural 
member, 


(b) 
that loading and unloading causes ''working" of the frag- 
ments with reduction in tension in the bolts thus demon- 
strating the need for retightening bolts after vibration 
or other working, 


(c) the very flimsy nature of the support that is needed to cope 
with loose material in the tension zone vault between the 
bolt washers, 


(d) 
the importance of supporting such loose material so as to 
prevent unravelling of the whole fractured mass behind 
the bolts when under load. 
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Bolts have been used in such locations at several points in 
the Tl Power Station work. Generally speaking steel mesh lagging 
was not needed in the T1 Power Station except over the upstream 
wall, Fig 7 , where it was placed to prevent danger to workmen 
from small loose rock fragments rather than for structural reasons. 


It should be stressed that analyses of the conditions pertain- 
ing in the bolted crushed-rock diaphragm have not reached the stage 
where a tried and working formula can be put forward for routine 
use. 


STRENGTH AND BEHAVIOR OF BOLTS 


At the time these works began~ much information had been 
published about slot and wedge type bolts in sedimentary rocks, but 
very little information was available on the use· of these bolts in hard 
rock. The opinion seemed to be held, almost universally, that the 
slot and wedge type anchorage was quite satisfactory in the softer 
rocks, but was nqt satisfactory in hard rocks such as granite. There- 
fore tests were carried out to ascertain the competency of bolts in 
granite and to determine a satisfactory technique for installation. 
The testing program centred around the slot and wedge type anchorage, 
and 234 bolts of this type were tested. Some 60 bolts with expansion 
type anchorages were tested for comparison purposes. Bolts of 
various types are shown in Figs 28 and 29. 


The rock bolts used in T 1 consist of a mild steel bar, 1 in. 
nominal diameter, with 6 in. of rolled thread (1 in. Whitworth) at 
one end and, at the other end, a flame-cut diametrical slot, in which 
the flame-cut wedge was inserted. A dimensioned sketch of the 
bolts is given in (a) Fig. 28 
The diameters of the drill holes were 
maintained between 1-1/4 in. and 1-3/8 in. and lengths were 10ft. 
15 ft. and 20 ft. with occasional odd sizes for special work. 


The ultimate strength of the bolts was approximately 40, 000 


lbs. (60, 000 psi) and the yield point was 22-24,000 lbs. (33-36, 000 
F si). 


The so-called "strength" of a rock bolt is determined by its 
anchorage and a bolt is considered to have failed if it is impossible 
to hold the required tension in the bolt owing to continuing slip of the 
anchorage. In practice, tension in the bolt would normally not be 
greater than the yield point of the steel and therefore the breaking of 
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the steel shank does not arise. In the tests a number of bolts were taken 
well over the yield point of the steel and bolts were broken either in the 
thread or in the prongs in the vicinity of the wedge. The load in the bolt 
at which the anchorage slips depends on the driving technique, the rela- 
tive magnitudes of hole diameter, bolt diameter, slot width, and wedge 
dimensions. 


The relative dimensions of the anchorage and the installation 
technique are satisfactory and the bolt can be considered competent if 
the tension in the bolt can be raised to the yield point of the steel or other 
required "proof" load without significant anchorage slip. 


The test procedure consisted of drilling the hole, inserting and 
driving the bolt, pulling the .bolt with a hydraulic jack assembly and 
measuring bolt tension, anchorage movement, and bolt elongation. The 
tests were all carried out with 1 in. nominal diameter bolts and included 
drill hole diameters from 1-1/16 to 1-5/8 in. wedge sizes from 1/2 to 
1 in. and bolt lengths from 2 to 20 ft. Driving time, air pressure, length 
of bolt, and the number of impacts per minute by the driving hammer, 
were also varied and the effect on anchorage competency noted. It was 
found that no trouble was experienced in obtaining a satisfactory anchorage 
if the air pressure at the driving hammer were not less than 75 psi, 
(preferably 85-100 psi) the driving time was 20-30 seconds, and the 
hammer gave between 2-3, 000 impacts per minute. 


Variation in anchorage efficiency was observed between holes 
which were drilled vertically downwards, horizontally, and vertically 
upwards. The vertical-up holes were self-cleansing, and after cleaning 
drilling sludge from horizontal and vertical-down holes, it was found that 
these holes gave results equal to the vertical-up holes. 


Although it may be reasonable to assume that the longer bolts 
would absorb more energy and therefore the anchorage would not be 
driven as satisfactorily as it would with shorter bolts, the test results, 
covering bolt lengths from 2 to 20 ft. were not decisive in this regard. 
However, work in the power station did show that more care and atten- 
tion were required in driving the 20 ft. bolts than the shorter bolts if 
satisfactory anchorages were to be obtained. 


The various dimensions used in the anchorage assembly were 
correlated by 


W+d-t- D 
D 
(7) 
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in which D is diameter of drill hole, d is diameter of bolt, tis width of 
slot, w is wedge thickness, and es is the diametral strain of the 
anchorage assembly assuming the assembly is deformed to the hole 
diameter. 


The test results in terms of € B and two 11proof11 loads are 
summarized in Table 4. This shows that, provided es is O. 15 or 
greater, there should be no difficulty in achieving a 95 per cent satis- 
factory performance for bolt loads up to 20, 000 lbs. and 80 per cent 
for bolt loads up to 30,000 lbs. If CB is less than 0. 15 then only 65 
per cent to 46 per cent of the bolts are satisfactory. 


Anchorage Behavior. 


When the wedge is inserted in the slot and the wedge and bolt 
driven home against·the end of the drill hole, the prongs of the bolt 
spread, touch the sides of the drill hole and are either plastically 
defor:zned by the rock or plough a groove into the rock or both. 
If the 
prongs of the bolt do not plough a groove in the rock and the wedge is 
driven home, then CS the diametral strain of the anchorage assembly 
is given by Equation (7). 


In the course of the tests it was found that, on initially tightening 


the bolt after driving, anchorage movements took place. As the loads 
increased further movements sometimes took place. 
When the anchorage 
did not slip without further inc:rease in load, the load could be removed 
and again applied to its previous value before further slip took place. 
In other words, the anchorage itself had a "yield" point and behaved as 
though the junction between the steel and the rock had the property of 


11 strain hardening 


11 • 


A number of anchorages were removed from the rocks,and it 
was observed that in the center of the contact area rock fragments and 
minerals were adhering to steel, and that in the central area,of contact 
the steel had been severly deformed plastically and showed characteristic 
shear slip surfaces. The minerals adhering to it also showed shear 
slip surfaces. These minerals appeared to have also been pulverized 
and compressed under very high pressure. That the steel in this area 
had undergone very severe plastic deformation was confirmed by a 
hardness survey of the contact area. The unworked bolt shank had a 
Brinell hardness number of 150 compared to 160 just inside the edge 
of the contact area and a maximum of 250 in the center of the contact areas. 
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Severe plastic deformation as was observed begins at a pressure 
equivalent to about 0.4 of the Brinell hardness number (10), (11). 
With 
a Brinell value of 150 kgrn per sq. mm. (214, 000 psi) the pressure for 
plastic deformation would then be about 85, 000 psi. 


At the centre of the contact areas both the steel and the rock are 
under a condition of high triaxial compression and are entering the range 
where it might be expected that the rock minerals would also be deform- 
ing plastically (8), (9). Under these conditions there is probably strong 
adhesion between the steel and the rock as well as a very intimate and 
strong mechanical bond at the junction. 


These features of the steel-rock junction are consistent with the 
stick-slip motion of the anchorage under increasing load which was noted 
during the tests. 


The deformation of the anchorage is elastic as well as plastic and 
if the anchorage "sticks" at any applied load then this load must be 
exceeded before it 


11 slips 11 , i.e., the 11 stick-slip 11 load increases as the 
elastic yield point of the steel is increased by strain hardening. The 
elastic lateral deformation of the anchorage assembly under increasing 
bolt tension in accordance with Poissonls ratio will also contribute to 
the 11 stick-slip 11 nature of the anchorage movement. 


In hard rock, bolts with a slot and wedge anchorage can be 
installed satisfactorily and, if so desired, can be given an intial 


11proof11 


load to ensure a margin over the working load. 


Torque and Bolt Tension 


The most convenient method of obtaining a required tension in a 
bolt is to use a torque-controlled impact wrench. 


Tests were made to determine the torque-tension relationship for 
the bolts used in T 1. The tests gave a torque-tension relationship in 
accordance with the equation 
T= I<Bd 
( 8) 


where T is the torque applied to the bolt nut in pounds -feet, k is 
a constant, B is tension in the bolt in pounds, and d is bolt diameter in 
inches. The average value fork was 0. 0166. 
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Field conditions, particularly angle between the bolt axis_,and the plane 
of the bearing plate, can cause large deviations from Equation (8) and care is 
needed to ensure that required bolt tensions are obtained. Tapered washers 
as illustrated in 28, Fig 30, were used in T 1 to obtain these effects. 


ROCK BOLTING PRACTICE IN Tl 


During the excavation of the T 1 Power Station which has been described 
elsewhere (4), rock bolts were used to create from the jointed rock in the 
roof a self-supporting structure, pending the installation of the permanent 
concrete ribs. In the walls of the machine and transformer halls, rock bolts 
were used for a similar purpose, but were grouted for permanency. Brief 
details of the number of bolts used and their locations are given in Table 3. 
A typical bolting pattern for the machine hall is shown in Fig. 20. The bolts 
consisted of mild steel bars 1 inch in diameter, mostly 10 or 15 feet long, 
with a slot-and-wedge type anchor and furnished with 6-inch or 8-inch 
square steel plates for bearing against the rock surface. During installation 
they were stressed to a nominal load of 15, 000 pounds tension. 


At the commencement of this work, the workmen were apprehensive that 
rock bolts would not be adequate protection in an excavation of this size. This 
feeling culminated in a request by the Contractor to permit the use of light, 
suppleJ;nentary steel support in the machine hall excavation, Fig. 21. Although 
the supplementary steel support, which consisted of 8 in. x 6 in. l·beam sections 
and 12 in. X 8 in. I•beams spanning the pilot tunnel, WOUld only take a light 
e 


rock load, provision was made to install gauging points on a number of the 
steel columns, so as to ascertain if it was carrying loads. Deflection measure- 
ments on the 12 in. x 8 in. I•beams were also made. In the vicinity of Rib 
No. 16, (Fig. 21), where the geologists had indicated that the intersection of 
joints A and B, (Fig. 21 and Fig 23), could give trouble, the gauges on one 
of the steel columns on the downstream side showed that it was carrying a 
load of approximately 100 tons. More rock bolts were installed in this area 
and particular attention given to any unusual indications of rock noise. Later, 
when this particular steel support was removed in order to enable placing of 
the permanent concrete ribs, no fall of rock occurred and no rock movement 
could be detected. Similarly, all the other steel support was removed with 
no trouble apart from minor scaling. Doubtless the steel rib support had a 
good psychological effect and prevented small pieces of rock falling from the 
roof. 


Following the experience in the machine hall and improvement in 
the technique for installation of bolts, the transformer hall was excavated 
without difficulty and supported using rock bolts above. (Fig. 22). 


The bolting in both excavations was carried out systematically to a 
pattern. 
Bolts were usually 10 or 15 ft long and spaced 4 or 5 ft 
apart, so that the ratio of length to spacing varied from 2 to 3. 
Within 
this pattern the location of individual bolts could be varied slightly to take 


account of the jointing in the surface layer of rock, bolts being placed 
towards the centre of joint blocks rather than on their edges. 
Nhere 


there were well-defined persistent joints or minor faults the pattern 
was modified. This was done, for example, in the case of the inter- 
section of fault A and fault B and associated joints (Fig. 23). 


In T 1 it was found that about 5 per cent of bolts became 
loose, i.e., lost some of their tension, up to 10 to 15ft. behind the 
working face. 
The majority of loose bolts were caused by small pieces 
of rock becoming loose immediately under the bearing washer. However, 
most bolts were re-tightened satisfactorily by application of the impact 
wrench or by inserting extra packing between the rock and the nut. 
In 
the machine hall all wall bolts which could be placed on a slight down- 
ward slope were grouted so as to provide reasonable protection against 
corrosion and ensure their continuity as a means of support. 


Rubber pressure pads were used under a number of selected 
bolts to determine any variation of tension in the bolts with time. These 
pads were calibrated and could be read fairly easily. They gave an 
indication of the relative behavior of bolts, indicating any zone where 
bolt tensions were decreasing or increasing, and thus gave warning of 
movement or relaxation in the rock before dangerous conditions could 
develop. Such indications were always qualified by the results from the 
rock noise stations and the other behavior instruments. In installing the 
bolts it was standard practice to check the torque on every bolt immedi- 
ately following installation. If it fell below the specified torque, then 
the bolt had to be re-tightened or, if still unsatisfactory, re-driven or 
replaced. The torque on all bolts recently installed was periodically 
checiced. In addition, pull tests on selected bolts were made from time 
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to time by means of hydraulic jack testing equipment to ensure that the re- 
quired standards for insta:llation were being maintained. 


EXCAVATION BEHAVIOR 


The behavior of a rock structure such as the T 1 Power Station 
is of great importance, both during and after construction. Not only do 
the results of measurements of movement give a check on design 
assumptions, but also progressively monitor the construction work so 
that unusual or hazardous conditions can be anticipated, and preparations 
made to cope with them. 


In Tl the following measurements were taken to enable assess- 
ment to be made of perforJ:nance and behavior: 
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(1) 
1\l.i.easurement of strain in the reinforced concrete arch 
ribs by means of electric resistance type strain meters 
embedded in the concrete, and Huggenburger deformeter 
points fixed to the sides of some ribs. 


(2) 
Measurement of rock and concrete movements during 
construction by means of sensitive bubble clinometers 
and by precise survey methods. 


The strain gauges were located in selected concrete ribs at 
three points shown in Fig. 25 with connection to a central reading 
location at one end of the machine hall. Strain measurements were 
taken at least once per week and these were plotted as graphs and 
distributed to construction, design, and scientific service personnel 
for information and analysis. 


Instruments to indicate movement of the rock walls and of the 
concrete abutment beams were sensitive clinometers reading to 
2 seconds of arc. Base plates for these instruments were installed 
at four positions on the upstream abutment beam, five positions on 
the downstream abutment beam, six positions on the upstream wall, 
and four positions on the downstream wall of the machine hall 
excavation. Although these clinometers only showed angular rota- 
tions, they were used in conjunction with other information to assess 
and interpret the movements that took place. 


Targets for precise survey work were installed on the abut- 
ment beams and on the walls of the machine hall. 
Movements of 
these targets as small as 0. 01 in. could be observed. 


With the installation of the machine hall roof ribs (a, Fig 24) the 
first stage of the excavation was completed and, from this time, viz. 
February, 1957, readings were taken of the strain recorded by the 
strain meters in the roof ribs. 


In the early part of May, 1957, there was a sudden increase 
in the amount of strain being recorded. This coincided with the 
excavation of the machine hall reaching a level 16 ft. below that at 
which the concrete ribs were placed (b, Fig. 24). 
At the same time, 
a number of the clinometers showed rotation, those on the abutment 
beams showing the most rotation and in a direction away from the 
machine hall centre line. 
The results of these readings were watched 
closely and the strain in the ribs where the excavation was proceeding 
most rapidly, continued to show a rapid increase to about the end of 
June, 1957, when the excavation was some 45 feet below the abut- 
ment level. 
A typical example (Rib 9 ) is given· in Fig 25. 


Estimates of the stresses in the roof ribs on account of this strain 
vvere made with allowance for temperature effects and creep, and 
indicated that stresses of the order of 1, 500 psi were probable. 
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In order to provide a basis for forecasting the trend of these 
movements, photo-elastic laboratory investigations were undertaken 
to elucidate the general :mechanism causing the strain. The procedure 
was to cut a model with the initial excavation of the elliptical roof 
section, place it under strain in the polariscope and then insert a model 
roof rib, thus copying the construction procedure. The model was then 
progressively cut in the sections I, II, III, and V, (Fig. 25). Models 
were tested in vertical, horizontal and 450 stress fields. Qualitatively, 
_the model results showed the same behavior as the strain readirigs in 
the power station ribs. (Fig. 25). These results also indicated that 
the strain would continue to increase, but at a slower rate as excava- 
tion proceeded. 


With the increase m strain and stress in the ribs, together with 
the rotation of the abutment beams indicated by the clinometers, it 
was anticipated that there may be cracking or spalling of the concrete 
at points of stress concentration where the ribs join the abutment 
beams. This did take place and by July 1957 .cracks e1.nd surface 
spalling had occurred on the inside ·edge of Ribs Nos. 11-15, where 
the rib joined the abutment beam on the downstream side of the machine 
hall. Also there were several cracks in the abutment beam (Fig. 26). 
From concrete tests made during construction, the strength of these 
ribs at the time when cracking was observed was of the order of 6, 000 
psi which was well above the estimated average stress in the ribs, and 
was consistent with the rotation of this abutment, shown by the clino- 
meters, causing stress concentration several times greater than the 
average stress in the concrete rib. 


The results of the photo-elastic analysis and the measurements 
in the power station indicate that, as the excavation proceeded 
downwards, the walls of the power station deformed in a manner 
qualitatively indicated by the dotted lines in Fig. 27, i.e. at the 
abutment level, they were moving upwards and inwards towards the 
center line. These movements were consistent with stress relief 
in the walls following excavation particularly in view of the high 
horizontal stress originally in the rock. 


R-341 
3-26-59 
796 


Although readings on the precise survey points were difficult 
to obtain owing to t~e construction conditions, and considerable 
errors could be anticipated owing to refraction from air temperature 
gradients, the trend of the readings confirmed the above hypothesis. 
During this period, particular attention was given to indications of 
any unusual rock noise. The rock noise surveys showed nothing 
unusual, thus indicating that there was no fracture, shearing or 
slipping on rock joints taking place. A careful examination of the 
walls of the power station was also made by the geologists and, apart 
from minor local occurrences which could be associated with the 
progress of the excavation, no movements or new cracks were found. 
As anticipated these movements continued while excavation was in 
progress and also for some time afterwards. A typical example of 
the total movements up to March 1958, when progressive movement 
had practically ceased is shown in Figure 27. One factor contributing 
to the asymmetric nature of the strain in the ribs and the larger 
movement of the downstream wall was probably the minor fault B, 
(see Fig. 27) which has been described by Moye (5). He also has 
described the roc~ noise measurements carried out for this work. 


The strain meter readings indicating high loads in a number of 
the roof r:ib s, which were confirmed by the cracking and spalling of 
the concrete in Ribs Nos. 11 - 15 on the downstream side of the 
machine hall and the clinometer readings, would normally lead one 
to expect fracture and cracking of the rock and opening up <;>f joints 
in the walls of the machine hall excavation, particularly just below 
a hutment level. where maximum movement and rotation has taken 
place. That such symptoms did not appear was due to the rock bolting, 
the general pattern of which is shown in Fig. 20, creating a diaphragm 
(some 7-10ft. thick) around the whole excavation which behaved as 
an integral elastic shell. This conclusion is consistent with the 
results of the investigations into the action and behavior of rock bolts. 


CONCLUSION 


In order that underground works can be designed and constructed 
with confidence and efficiency, much investigation and research is 
needed. 
A few examples are: 


1. 
In view of the basic major influence which the natural 
state of stress in a rock mass has on the behavior of 
the rock around underground openings, a reliable 
method of determining the actual stresses at the under- 
ground site is urgently needed. 
The instruments used 
should be rugged to give reliable results under difficult 
field conditions, and preferably be capable 6£ operation 
at depth in a diamond core drill hole. A corollary to 
this is to correlate the natural state of stress to the 
geology of the site, and its depth and the surrounding 
topography. 


2. 
The development of a "direction" geophone for use in 
sub-audible rock noise measurements so that the 
center of disturbance, i.e., the location of the rock 
movement causing the noise, can be accurately located. 


3. 
A method for determining the depth of penetration into 
the rock of blasting effects. 


4. 
Investigation of the behavior of jointed rock in situ and 
the properties of rough interlocked joints under various 
confining forces. 


5. 
Investigation of the behavior of rock bolts in stabilizing 
and reconstituting jointed rock of V3.rious types and the 
extent to which bolted rock can be used as part of the 
permanent structure of underground works. This 
implies the development of a satisfactory and permanent 
method of protecting rock bolts by cement grouting or 
other means. 


6. 
Comprehensive investigation of the strength and behavior 
of various types of rock bolt anchorages in different kinds 
of rock to provide urgently needed basic data for the design 
and construction of rock bolted structures. 


7. 
Investigation of the behavior and strength of steel rib 
support and its use under various underground conditions. 
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ITEM 


Specific Gravity 
(Bulk) 


Porosity (% Volume) 


Compression 


Ultimate Compressive 
s'trength (1000 
psi) 


Limit of Proportion- 
ali ty (1000 psi) 


E (106 psi) 


Poisson's Ratio J) 


Angle of Fracture 


Tension 


Ul t. Tensile Strength 


(1000 psi) 


Limit of Proportion- 
ali ty (1000 psi) 


E (l06psi) 


Angle of Fracture 


ITEM 


Triaxial Tests 


Confining Pressure 


1000 psi 


Axial Ult. Compressive 


Strength 1000 psi 


Angle of Fracture 
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AVERAGE ROCK PROPERTIES 


Granite (Type I) 
Granitic Gneiss (Type 2) 


Explora- 
Machine 
Explor- 
Machine 
Trans- 
tory 
Hall 
a tory 
Hall 
former 
Tunnel 
Tunnel 
Hall 


2.73 
2.71 
2.70 
2.73 
2.71 


0.30 
0.70 
0.30 
0.30 
0.50 


19.5 
21.0 
21.0 
19.5 
14.3 


13.2 
12.9 
12.5 
12.5 
11.6 


10.3 
8.4 
10.2 
9.4 
7.3 


- 
0.22 
0.25 
0.25 
0.23 


65° 
67° 
70° 
73° 
70° 


1.18 
1.11 
0.93 
1.10 
0.99 


0.88 
0.58 
0.83 
0.56 
0.40 


7.6 
6.5 
9.3 
7.3 
6.7 


5°-10° 
: 5°-10° 
5°-10° 
5°-10° 
5°-10° 


Transformer Hall 
Machine Hall 
Granitic Gneiss( Type 2) 
Granitic Gneiss (Type 2) 


0 
5 
15 
0 
5 
15 


14.3 35.3 
60.2 
19.5 
49.9 
80.3 
. 


65° 
60° 
65° 
65° 
65° 
60° 


T A B L E 
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ROCK BOLT TESTS - 
CRUSHED ROCK, 


SELECTED 
RESULTS 
ROCK 
SIZE 
Bolt 
SPACING 
Washer 
F= 
Bolt 
Lateral 
Test 
Range 
Mean 
Length Bolts Clear Size 
52 
Tension Pressure 
ins. 
ins. 
1 in 
sl 
52 
ins. 
m 
B 1,000 
p lbs./ 
ins. 
ins. 
lb. 
sq.ft. 


!. 
3-5 
4 
46. 
23 
13 
lOxlO 
3.25 
7.50 
821 
4 
2.00 
998 
Bolts 
1.35 
990 


1 
1.5-2.25 1.875 
23 
16 
8 
8x8 
4.27 
5,00 
1750 
5,00 
2835 
4.85 
2350 


9 
Bolts 
4.85 
2575 


! 
1.5-2.25 1.875 
39 
16 
13 
lOxlO 
6,93 
15.00 
1520 


4 
10.40 
2440 


Bolts 
10.40 
2140 


Average Weight of ) 
Crushed Rock 
) = 105 lbs. I cubic foot 


e 
e 


Load 
w 
Deflection 


1,000 
h ins. 
lbs. 
.. 
- 
- 


13.0 
1.600 
10.0 
1.908 


- 
- 


13.0 
0.546 


o.o 
0.415 


13.0 
0,619 


- 
- 


13.0 
0.825 
13.0 
0.983 


Remarks 


8 


\)ol !::0 
I 
I 
1\)\)ol 
0\..f:"' 
II-' 
\Jl 
\0 


Failed by reducing 
B to zero 


2 in. x 24g Wire netting 
support 
Wire netting removed 


Failed after saturation 


2 in x 24g Wire netting 
support 
After 35 additional 
cycles 
Failed on removing wire 
support. 


e 


Feature 


Machine Hall 


a. Roof 


b. Walls 


Transformer 
~ 


a. Roof 


b. Wall 


Tailrace 
Portal - 
Open Cut 


Totals 


Tunnels and 
Shafts 


TOI'AL 


TABLE 
3 


ROCK BOLTING STATISTICS 


Number of Bolts 
Total 
Area 
Area per 
Plain Grouted Total Length Sup- 
Bolt for 
ported Pattern 
1,000 
1,000 
Bolting 
No. 
No. 
No. 
ft. 
sq.ft. sq. ft. 


2,194 
- 
2,194 
26.-7 
25.4 
11.6 


261 
861 
1,'122 
16.5 
30.0 
27.0 


1,366 
- 
1,366 17.0 
10.0 
6.6 


40 
83 
123 
1..4 
6.0 
44.0 


62 
177 
239 
2.4 
15.0 
63.0 


3,923 
1,121 
5,044 
64.0 
86.4 
17.1 


940 
- 
940 
Not pattern bolting 


4,863 
1,121 
5,984 
- 
- 
- 


) 
) 


) 


) 
) 
) 
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Length of 
Bolts Used 


10 9 , 15 
9 
' 20' 
Few 7 9 and 
12 9 


10' and 15' 


10 1 


8' and 10' 
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(B 


Total Bolts 


Competent 


Failed 


Total Bolts 


Competent 


Failed 


Tested 


Tested 


TABLE 
4 


SLOT AND WEDGE ANCHORAGE TESTS 


1 in. Dia. M.S. Rock Bolts 


-=:::::: 0 • 15 
0.15-0.25 
0.25-0.35 


Proof Load - 20,000 lbs. 


No. 
% 
No. 
% 
No. 
% 


31 
100 
98 
100 
68 
100 


20 
65 
93 
95 
66 
97 


11 
35 
5 
5 
2 
3 


Proof Load - 30,000 lbs. 


No. 
% 
No. 
% 
No. 
% 


22 
100 
38 
100 
20 
100 


10 
46 
31 
82 
17 
85 


12 
54 
7 
18 
3 
15 


:::::::::- 
0.35 


No. 
% 


18 
100 


18 
100 


0 
0 


No. 
% 


4 
100 


4 
100 


0 
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Fig. 7- Machine hall excavation 


(a) 
Fn = 270 p.s.i. 
F5 = 13 5 p.s.i. 
(b) F n = 2 50 p. S. i. 


Gravity field 
O"v= - 1000 p.s.i. 
O"H = 0 
N = 0 


(c) 
F n = 4 0 0 p.s.i. 
F 5 = 2 0 0 p.s.i. 
(d) 
Fn = 360 p.s.i 
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Fig. 8- Excavation sequence gelatin model 
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Fig. 10- Steel rib support in surge tonk 
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Fig. II- Block model of machine hall roof 
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Fig. 12- Rock bolt photoelastic stress patterns 
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Fig. 13- Photoelastic rock bolt model of regular joint pattern 


(a) Box model 


(b) Bolt surface 


Fig. 14- Crushed rock box model 
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Fig. 15-Crushed rock bucket model 


Fig. 16-Crushed rock model of machine hall roof 
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(a) 


Fig. 17-Rod model 
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(o) Crushed rock 12-24 ; 2 x 24 g. wire netting 


(b) Wire netting removed at load of 1300 lbs 


Fig. 18-Rock bolt test 
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Fig. 21- Machine ho II support 
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(a) 
Detail 
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March 1957 


Fig. 22-Rock bolt support transformer hall 
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Fig. 24- Machine hall roof 
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Fig. 25-Roof rib behavior 
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APPENDIX II 


ANALYSIS OF ROCK JOINTS 


AND THE 
EFFECT OF ROCK BOLTS 


by 


MILTON A. CHAPPLE, B. E. 
(Executive Engineer, Snowy Mountains Authority, Australia) 


I. 
General 


The notation used is set out in Section VII. 
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A tight joint in rock will not affect the stress distribution, and 
hence will not affect the strength of the rock, provided the joint can 
transmit the stresses in the rock without relative movement of the rock 
on either side of it. This requires that 


.(i) 
the normal stress cr' shall not exceed a certain 
limiting value which is usually assumed to be zero, 
but may be slightly positive (i.e., tension on joint) 
or even a function of the shear stress, and 


(ii) the absolute value of the shear stress r 
shall not 
exceed a certain limiting value which may be a 
function of a- , for example 


I Tl < To -jlrT 


where (; is the cohesion andji the coefficient 
of joint friction. 


If there is a tendency to exceed either of these limits, there 


(I) 


will be in the first case local opening of the joint and in the second 
case local sliding. In either case, there will be a redistribution of 
stress to re-establish equilibrium. This need not be regarded as failure 
of the joint, although it may lead to the development of stresses which 
will cause premature failure of the rock because of the joint. As the 
tendency to exceed the limiting stress on the joint increases, the joint 
will eventually fail either by complete opening or general sliding. 


II. 
Smooth Joint 


In the case of a smooth joint, it may be assumed that there will 
be no opening of the joint if 
(Z) 


and no sliding if 


ll\<~tr 
(3) 
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III. 
Rough Joint 


A rough joint with intimate contact is strengthened by the inter- 
locking of the two parts. Let OV be the normal stress in a direction 
parallel to the plane of the joint, and -y& the maximum angle between 
the rough surface and this plane. (Fig. 1) Then the normal stress on 
any point of the rough surface is given by 


o-' = rr cos2 v + a; sin 2 Jll + 2 r sin l/' cos 1f 
( ~J 


where 


It may be assumed that opening of the joint will occur if ~.,..0 


for all values of 1f in the above range, i.e., if 
trcos 21f ravsin~7f+2z-sinvcoS1f/"O, -~-"'7f<.¥'o 


Since, changing the sign of 1f , does not change the first two terms 
of this expression, the minimum value occurs when t: and 7/1 have 
opposite signs. We therefore have 


Put 
Then 


Dividing the inequality throughout by sin' .. lf 
we have 


ftvJ = rcof 27/' + rrr- 2/r/ cof?f "':?0 


This expression has a minimum at 


cof~ =: 
IZ:t 
-cr 


If, then, 
/'7:/ 
7j= ~ cof ~0 
we require 


f(!p)= 


and if trt ? 
cor~o 
cr- 
f {l/1,) = r cot 2 1f· +or -2/t:fc:of 1P4>70 


(5} 


tr cos 2 Jio +t1Vsin2 1/4 -2/Z"/ sin71'cos1jl,?O 


Since 
implies 
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cr-~ 0 
the conditions that 


there ue no opening of the joint may be written 


( i) if 
';! "7 cor v'7 
o;- '§=~o 


{ ii) if 
(G) 


or 


For a rough joint to slide along the plane of the joint, the shear stress 
must exceed tae full shear strength of the material. Adopting the 
Coulomb-Navier theory of failure we have 


(7) 


It is possible, however, for a rough joint to slide in a direction inclined 
to the joint at an angle "'¥" 
so that the proportion of the material to be 


S.i.1.eared is reduced to 
Q = al'lf) 


The joint will then slide if 


vVhere 
o-1 =: q- cosa¥ + OV sin,lf -r 2Z:S'in1fc.os~ 
r' = T( cos21f- sin22f) +(av- o-) S"ln Jf coslf 


-~D ~ ~ <rD 
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Let a be of the form 


Then the joint will begin to slide in the direction of positive 
for some value of 1f 
z-t 


r:( cosz~- .s-i1121f) +{OV-a-) sin I/' CDS'¥' =r 
= ro ( .:-o$ 
2~ + 20,SJnl/'cosz;-a~sin2Zf!)- 


when, 


/'((~c-o-' 
211+-<7Vsin211' +Rt:sin 1f cosy) 
(8) 


cos 
2l/(C- to-pu.a-)+sin/IC.OSl;(~Z'-2a1 zo+<JV~)­ 


-s,n21f(l:-az-co ~q;) == 0 


The corresponding value of 1f 
may be determined by differentiating 
this equation with respect to 
JP 
and solving the two equations 


for ~· 
If 
_ ~ 
.4 ~-<.. ~ 


the criterion for sliding of the joint may be determined by eliminating y 
between the two equations, when it is found: 


r-zo~a- 
.epr--2a,r.-+ 
+~-o- 
-~ {1-a-z.)+ 
+;U-t rv -(J) 
0 


0 
-t= (I- aa.) + 
?,Ut:-2a,To+ ,_ a'2to+j-Af/V 
+ptrrv+<rJ 
-frTV-r 


2p:t:-2Q/l0 + 
-4?+2l0(1+Qz)+ 
0 
0 
+OV-t:r 
+2ji ( df-Qj 


0 
0 
~?:+ 2.10 (t+Clz.)+ 
2~t:.-£t.J,-z;i 
+2p (1/V -tr) 
- +t:fi-r 


A similar criterion may be determined for sliding of the joint in 
the direction of negative 'Ct 


=-0 


(9) 
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IV Simple Joint, Bolted 


The simple joint studies are confined to two dimensional cases of the kind 
shown in Figs. 2, 3, and 4. To simplify the presentation resultant forces on a 
block have been used, viz. P represents the resultant of the forces on the joint 
parallel to the surface, B represents the force of either one rock bolt or the 
resultant of several rock bolts, and N is the weight of a discrete block. 


(}!( 
is the angle which the joint makes with the normal to the surface 
or the angle which the normal to a joint makes with the direction of P, 
and 
~ or tan tp 
is the coefficient of friction for the joint surface. It 
should be noted that ~ is not the so-called coefficient of internal 
friction of the rock. It is assumed in these studies that the rock bolt cannot 
take any shear and exerts only compression in its axial direction. 
Consider a block of depth 2c (Fig 2) with a smooth plane joint whose normal 
is inclined to the axis of the beam at an angle eX. 
. Suppose that the loads 
applied to the beam are such as to produce at the joint an axial thrust P, a trans- 
verse shear V and a moment M, and that in addition, due to bolting, a compressive 
force B acts across the center of the joint at an angle -,r--8 to the axis of the 
beam. (Fig. 2). 
2 


Taking moments about that end of the joint where the moment tends to 
produce compressive stresses, we find that the joint will not open if 


IMt- Pc + Vc -1-a.n oC -B (c Sin a +c cosO-hwn oc} <;;:'I) 


8 
sirr{ot+8) 
JMf 
coso<. 
~ -;: -P + Vranoc. 


In particular, if 


8 +t:itn o<' "7 /Jf. / - P + Y -fan 0(. 


and if 
GJc: f"-oe, 


8 reco< >/~/- P+l/fan o< 
The norrr1al tension on t~1e joint is 


..5::::: -Pco5o<+ 1/:sinO(-Bsin(oc+S) 


and the shear force is 


T= P Stn o<. + 1/ cos o<-8 cos{oe+B) 


There will be no sliding, therefore, if 


(/0) 


(II) 


(12) 


/ Psinoc+Vcos-oe -Bcos{cx+<J)~-}-'(-PcYJsoe+Ys'~~-BSJn(Ot.+e?) 
I 


("OS{ot..j.IJ)j 
fl;,.,(ot+tJ} 
'Pi-anoe +V-B cos a: I< P. ( P-V-fltncx:: + 8 
ccs ex. 
( 1~) 
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In particular, if (J: 0 


/ P Tt:tno<+ J/-8/<?{P-J/-/zv-r ot +Bt•mo<.J 
.,- 


and if 
(} =" -z-o<. 


/.Pfan oC+ V/~ ft (P-Yran o<.+~seco<) 


The condition for no opening of the joint, i.e., no rotation about 0 


may be written 


P-Y-fzln oc. +B 


and for no sliding 


(14) 


{IS) 


(16) 


s-1, ( ol+ s 1 ..1.:./ 
a,s-Co< -1-e J 1 
P-Yfano<. +B 
'C()S o( 
.,.)'/ Pfr,Jnc(-+V-8 
CGJS'o< 
f > () 


(17) 


If the moment M is small then the criterion for sliding prevails. 
The criterion for rotation about 0 applies for a completely open joint 
w ith the reactions at 0 bearing on a "point" area. 
Actually before 
limit 16 is reached failure will occur by shearing or crushing at 0. 


V . Simple Joint - Applications 


1. 
Simple joint with axial thrust P, bolt normal to joint. (Fig 3 (a)) 


We have 


For stability, therefore, 


/P-lano</ ~JL ( P+B sec 0<.) 


and if P is positive 


where 


If o( C::::: ·¢ 
the right hand side is negative and the bolt 
is unnecessary for stability 


2. 
Single joint with axial thrust P, bolt normal to free surface 
Fig. 3 (b) 


We have 


For stability, therefore, 


/Pfan of:- 8/ < f' {P+B-fano<) 
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(18) 


ft { P + B fll,o<) ;;- P -hn o<-8 7"j'-l(P+8 Tz;,n o<) 


- P{it:cno< ~)-1-8(/+j-lfztnot) > 0> -Pll-t~no<?}+.8(!-;rlan«} 


and if 
~ 1-J-'fi::ln ()(. 
are positive, 


-fa1'1{«-rp) +.!J "?" 0 ?- --/?:ln(d+fJ) +~ 


B 


-1-t:~n (ot-t!) -< p 
.-<: -1-z,H ( «+ fi 
( 
19} 


If 1-1!': ful"f o( 
is negative, i.e., 
if ot+p ~- 
the right hand 
inequality does not apply. 
2 
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There is an upper and a lo~er limit for the ratio of B to P. If the tension 
in the bolt is too high, the bolt can cause the blocks on either side of the 
joint to slide relative to one another. 
In the case of a surface block confined 
on all sides except the free surface this is not a danger because excess ten- 
sion in the bolt will only cause an increase in the value of P, although some 
small movement may occur along the joint. 


3. 
Symmetrical double joint in horizontal roof with axial thrust, P, 


transverse force due to weight W of block between joints, bolts normal to 
axis of beam. 
(Fig. 3 (c)). 


Wehave 
V= ~ 
1 M=O, B=O 


For stability, therefore, 


/ Pfan (I(~ !J-8/<: f!(P-Jffuno<+8-/a;r «) 


and as above, if P and 
/ -p.. -1-t::zn o< 
are positive, 


(20) 


Again the right hand side does not apply if { oi +- ¢) > ~ 
. It is 
rarely that the two joints forming the block W will be at equal angles 0( 
to 
the surface. A criterion for stability can be worked for 
o( 
different 
in the two joints. However, for simplicity, they have been kept the same. 
Under certain conditions the block is quite stable and bolting is unnecessary. 


- 
4. 
Symmetrical double joint in vertical surface with axial thrust P 


across upper joint and P+ W across lower joint, W the weight of the 
block between joints, bolts normal to axis of column. 


We have 
V::O~ M.==o ,~ B- o 


For stability of the upper joint, therefore, 


/P-frJ,. o<.-8) <"" f'!_ ( P+ 8 .,~Q,.., o<) 
-1-un{«-e) < 
~ L: -fan{o<+¢) 
(21) 


and for stability of the lower joint 


/tP+W)f-an ~-8/ .<: JL(P+W+B.ftrJ~no{) 


-f.an {ot-tf) < P!w < fztn(o<+f) 


so that, for stability of both joints 


Suppose 
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(22) 


(23) 


Then the lower joint will tend to slide, and there will be a redistribution 
of stress to re-establish equilibrium. Suppose that the redistribution 
is such that the axial thrust is invariant and that a shear V is introduced. 
Then 


( P+W)-fano<+Y-8 =f'{P+W-Y-1."«+8 ~, o<) 


1/ - 
- 
{. 
-h-;r OC' ~ 
r - 8 
P+W) 
/-1-fA -f'z:l,~ 


= 8- (P+W) -h::ln (~-¢) 


On the upper joint, therefore, we have 


V==- -B+{P+w)fan{o<-f/J) 


and for stability 


Pfan«-+{P+JV)fan{o<-tP)- 28 < f' (P- (P-fw} izln(ot-tj)-1-Pnltl(-f- 
.+ 28 -fan o<} 


2 8(1~ 1-a#ol) ~ P(t-an«?'} ~(P-+W) f-a,(«-tj)(l+.filonot) 


28~ !'-ran (o<-~) -1-(P+N) .,Lpn {d-{>) 
,o/ !tt "7' f.,..., («- {J) 
z 
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Similarly, if 


we find, for stability, 


whence the complete condition is 
B 
f-an(ot-¢} < P+ ff ~ 
-1-""~(&K+¢) 


z 


Note that this result depends on the assumption that the redis- 
tribution of stress when one joint tends to slide is such that the 
axial thrust is invariant. 


VI Stress Distribution at Joint 


Consider a fully elastic beam, depth 2c, subject to axial and 
transverse loads which produce, on a given section normal to th~ 
axis of the beam, a thrust P, a shear V and a moment M, Fig. 4 
Applying the elementary theory of the distribution of stress in a 
beam we have, on the section under consideration, 


_e_ 
:zc 
(ZSJ 


On a parallel section distant X 
from the first the moment 
becomes Af+ Vx 
, and we then have 


On an inclined section therefore, where 


;< = -¥1-an o< 


(24-) 


we have 
- 
.3V ! 2 fan~ 
2c 


The stress normal to and along the section are given by 


whence 


0:. tJX cos"l.o<. + d9 Sln 2 (;1(. + 2 G;ty.5"/!7o< t0So( 
r= ~Y { c052-o{- stnZ-o<) + r~- r;;;).stno< cos~~'( 
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(2G) 


cr= ( :~ c-{;)cos'-o< + f[tt-2&-~ 51:-ro( C<'s-< 
r== :!_¥(1-r2 l cos2p(-/~ ~-L)SJn«Cos-<- 
4c 
/ 
l}a~ 
2t: 
1/ 
• 
- #r.. (l-3'l 2)stn~ 
. 
4C 


The joint will tend to open if at any point -/ 
~ -!' 4 
/ 


we have o-'*7 0. In this case 
( ::t-1:- -~) cosz Q( + ~ 
( 1-Z /-~SinO( Q)StJ( "'?" 0 


~ 
f-?+~Y(t-2 e-l.J ~~ o< -;::;- 0 


If V /-o,n o( ttt:../ :c / 
this leads to 


p~ ll#/-31/fllrlo( 
{27) 


and if v .;a, ot ~I !!c 1 ~o 
3M 2 
+,glf/ano< 
(2.8} 
P~ 8 Vt!:2. fanp( 
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In the former case the joint begins to open at the· edge where the 
moment tends to induce tension. 
In the latter case it first opens away 
from the edges, but as P is decreased ( or //4 j 
increased)the 
opening spreads to the edge and the situation becomes identica{ with that 
of the former case. 


Assume M 
to be positive. This may be done without loss 
of generality, for the sign of M may be changed by changi~ the positive 
direction of the y-axis. This also changes the signs of v and <X 
, but 
the above equations continue to hold. Let 


P- ~ 
-fYI-~na< 


Then 


tr:: - ft-z. (1-l) cos2oc + :V(/-r2)Sin«COSa( 


?:':. fc!({ 1- ~2)( cas~ -.J' S"ln 2o<)+::L(I-T}5tnr:< cos-o( 


and 
at 
-l ::. f 
J 
c:r- :- ?: =- 0 


Suppose 


P ~ .ff:t - 3Y -1--an o< 


and that the joint is open for 4 .C t ..C::::. f. 
Consider the section 
normal to the axis of the beam and intersecting the joint at r:::::. a.. 
Applying the elementary theory, the distribution of cr;. 
on this 
section must be linear, say 
fi 
~= ~ + .f;l: 


If we continue to take O'o/ ::. 0 
we have, at i"=-a., 


rr;.. {fo +fi a) cos2 oe + 2 ~Y Jin o< ~asc:;o( 
r• Z:xy ( COS 2 o( -S/n2oc) -(fi +fia}Stfto< C~o( 


Assume that at 


Then 


(fo + fta)CoS"Z o(. -f- Z~~ Sino( cos~ =rQ 


~If { cos;z,o<-s,;.., 2-<) - ~ 
+fi ~J sin« CcU" o( =a 


and eliminating 
z-x:y 
from these equations 


_I;+_Tta..=O 


The total thrust on the section is P 
and the moment is 


AI- y ac fa,.., 0(. 
vV e therefore have 


ac 
L4. 
L q;; dy = c: '-( q;; dt- ""' -P 


-<: 
J.,O-f:£-1-/,f-)dc- = -~ 
.£tl+a)-pj, (t-aZ} = --[ 
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awt( .;;;: tfdy := cz£~ Cd:C = ,W-J/ac htn&< 
.[A (fi +/t l) t d t == #z ~a 
iJWJ( 


-jp{t-~2J+jf,(l+~=~-[.a/Q~'~~ 


We now have three equations in a, fo and fi 


which may be solved to give 


a= 


;£=- 
2a. 
_E. 
(/+aj2 .. c 


whence 


and at 
f-= -/ 


2 
p ·- 
(/+~)~ 
c 


2(a- rJ,_e_ 
(/+tiA) 2. 
c 


2 
E. 
a;(=-~· c 
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These formulae apply in the range />a..>-/ 
The 
first limit corresponds, as already shown, to 


and the second to 


(29) 


(.:1'0} 


which is the value of P below which the joint will fail by complete 
opening. 


VII NOTATION 


a 
Proportion of length of joint or of half-depth of block. 


IJ1 , a~ Coefficients in formula for a. 
8 Compressive 
force across joint due to rock bolt. 


e 
~-~alf-depth of block. 
j 
Punction sympol 
Jo,f, Coefficients in formula for a;;: 
M 1\lioment acting on normal section or on joint plane. 
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p 
s 
T 
t 


Resultant axial thrust acting on normal section or on joint plane. 


Normal tension acting on joint plane. 


Shear force acting on joint plane 


v Normal shear acting on normal section or on joint plane. 
w Weight of block of rock between two joints 


X,!f.d.ectangular coordinates, x in direction of axis, and 
y normal to it. 


oC Angle between normal to joint plane and axis of block. 
8 Angle between rock bolt and normal to axis of block. 


;. -...I'1gle of joint friction. 


Angle between joint plane and joint surface or direction 
of sliding. 


l\t.1.aximum angle between joint plane and joint surface 


Coefficient of joint friction or internal friction. 


l:~ormal stress on joint plane 


q--l :'.\Jormal stress on joint surface or plane of sliding. 
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d'; 
Normal stress in joint plane. 


·- 
o;J G'f Normal stresses on planes perpendicular_ to x--and y--axes~ 


Z: 
Shear stress on joint plane~ 


'ZQ 
Cohesion: shear strength with normal stress zero. 


7:1 Shear stress on joi:nt surface or plane of sliding. 


Z';y Shear stress on planes prependicular to X - andy - axes. 


T 


Fig. I - 
Rough joint 


(a) General case 


For stability: 


I. Sliding: 
tan (ex-4>) < B;V <tan (ex+cp) 


2. 
Rotation about 0: 
B tan ex> ~ -P+V tan ex 


·(b) Case for 8 =0 


Fig. 2 - 
PI one joint 
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For s~ability: 


~ >sin ex: (cot cp- cot ex:) 


(a) Single joint with bolt 
normal to joint 


B 
B 


For stability: 


I 


tan (ex:-</>)< B-~W <tan (C!+cp) 


(c) 
Block in horizontal surface 


LEGEND: 


B = Force exerted by bolt 
P = Direct force on joint 
tan</>= Coefficient of joint friction 
W = Weight of block 
a:"' Angle between P and normal to joint 


B 


For stability: 


tan (cx:-cf>)<~<tan (C!+cp) 


(b) Single joint with bolt 


normal to surface 


For stability: 


tan (a:-cp) < P+~W <tan (C!+cp) 


2 


(d) Block in vertical surface 


Fig. 3- Simple joints 


p 
t - 


ac tan d\ 
V 


I y 


Fig. 4- Stress distribution in joint 


c 


M 


c 
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MAJOR UNDERGROUND EXCAVATIONS 


OF THE PACIFIC GAS AND ELECTRIC COMPANY 
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Supervising Civil Engineer 
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Underground excavation is a major :feature in many o:f the Pacific 


Gas and Electric Company's 62 hydroelectric developments. 
The excava- 


tiona are primarily in tunnels and surge tanks, and :forty years o:f 


experience with 73 tunnels and their associated surge tanks are 


summarized. 
The successful experience with many unsupported and unlined 


excavations is extensive. Two of the three underground hydroelectric 


plants in the United States are P. G. and E. Company plants, the most 


recent being the Haas Plant. 
The Haas Plant excavation is discussed 


in detail. A resume" of a study o:f the world's underground hydroelectric 


plants, made in coilllection with the Haas Plant design, is presented. 


INTRODUCTION 


The P. G. and E. Company serves Central and Northern California. 


The electric production comprises 14 thermal electric plants and 62 


hydroelectric plants having a total capacity of 5,219,000 kilowatts. 


The present expansion program includes conventional and nuclear thermal 


electric plants, hydroelectric plants, and a thermal electric plant 


which harnesses the natural steam o:f geysers. The Company looks to 


nuclear plants to take an increasing share of the growing load, and 


is engaged on five separate ventures directed toward broadening the new 


technology and improving the economics of tuture nuclear plants. Though 


the emphasis in present thinking is toward nuclear power, the major 
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background of experience is in the hydroelectric field. 


The purpose of this paper, as a part of The Second Protective 


Construction Symposium, sponsored by !ehe RAlfD Corporation, is to review 


the successful experience with the Company's extensive hydroelectric 


excavations, and to present data on the excavations of the recently 


completed Haas underground hydroelectric plant. 


The hydro plants are nearly all located in the Sierra Nevada 


Mountain Range which extends some 430 miles along the eastern boundary 


of California. Except in the northern end of' the Sierras, where the 


mountains are of volcanic origin, the basic formation is granitic. At 


the lower elevations is the Calaveras formation. In the steep California 


Sierra Nevada Mountains, the typical hydroelectric river development 


consists of high-elevation storage reservoirs at 5000 to 8ooo ft 


elevation, a chain of plants, each consisting of diversion dam, pressure 


tuDnel, penstock and powerhouse; and f'1nally a large mltiple-purpose 


reservoir at the toe of the mountains and begimling of the valley floor. 


P. G. and E. Com.pany bas 62 plants which have 73 tunnels totaling 119 


miles in length. The tunnels are generally of' horseshoe shape and range 


in size from 8 to 26 f't diameter. Fieure 1 presents data on the more 


important tunnels. They are tabulated in order of date completed. All 


the tunnels are still in service, and the operating experience covers a 


period of 4o years. 


It may be noted in Fig. 1 that about one-half the total length of 


tunnels is unlined. An unsupported concrete-lined tunnel costs roughly 


50 per cent more than an unlined tunnel of equal hydraulic head loss. 
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Consequently, where the rock is suitable, the Company's tunnels are not 


lined. The unlined tunnel, because of its greater hydraulic roughness, 


is larger in diameter than its hydraulically equivalent concrete-lined 


tunnel. 
The experience with the concrete-lined tunnel sections has been 


trouble-free, except for instances where concrete in the earlier years 


was not poured to today' s standards, and some repairs have been necessary. 


The unlined tunnel experience has been exceptionally good and the amount 


of unlined tunnel experience may be expressed as 950 mile-years of 


service. No damage due to earthquakes has occurred. 


The power pressure tunnels are subject to sudden changes of pressure 


due to changes in load at the power house. 
Normal operating pressure 


changes of 5 to 15 psi may occur instantaneously, and of 25 to 4o psi 


in a minute or several minutes. The "instantaneous" pressure changes 


are from waterhammer pressure waves that travel at about 46oo ft/sec, 


and the slower changes are from the varying water level in the surge tank. 


Upon a rapid pressure drop in the unlined tunnel, the water in seams or 


cracks near the tunnel wall may be visualized as exerting a pressure 


tending to spall the rock. Also, water may erode seams in jointed rocks, 


causing rockfalls. To date, only four rockfalls have occurred which 


were of sufficient magnitude to require maintenance. The shutdowns for 


the work were not emergency but scheduled. 


At the Colgate tunnel on the Yuba River, two falls occurred which 


opened holes 16 ft above the crown, one 10 ft and one 20 ft long. These 


falls were the result of saturation and softening of serpentine kidneys 


or lenses. Repair was carried out by installing timber sets, and 


cribbing, and guniting between and over the sets. At the Balch plant on 


R-341 
3-26-59 
858 


the ~ 
River, the tunnel was unwatered after the first twelve years 


of operation for its first routine inspection and two rock falls were 


found. 
Water had eroded soft seams to a depth of several feet and 
. 
adjacent rock fell into the tunnel. Repair work consisted of filling 


the seams with gunite. The Poe Plant on the Feather River had one 


similar fall and repair. At Kern Canyon, on the Kern River, a flat 


roof tunnel with horizontal bedding planes had enlarged in a faulted 


zone due to progressive rockfalls. The tunnel had enlarged itself in 


width and height from 13 ft to 20 ft for a length of about 30 ft. In 


this instance the trouble was observed in 1950 and repaired in 1958 


during a power house outage for turbine overhaul. Repair was by rock 


anchors and gun1 te. In every case, the rock falls were not serious but 


would have become progressively worse with time. 


For a power tunnel there is little choice of location to gain 


improved rock cond1 tiona, and tunnels in poor rock are sometimes un .. 


avoidable. Every attempt is made to obtain the best location, since 


supported and lined tunnel costs a little more than twice as much as 


unlined tunnel. In the fractured and changeable volcanic formations, 


the tunnels are usually 100 per cent supported and lined, whereas the 


granite tunnels are generally 90 to 100 per cent unlined. There is an 


economic compensation for this in that the porous volcanic watershed 


provides free storage 1 and a more uniform runoff throughout the year 


than the granite watersheds. In the Calaveras fol"'ll8.tions of greenstone, 


serpentine, schist and slate, it is difficult to predict how 11111Ch will 


require support and lining. In general, the economy in the use of 


unlined tunnel is so great tbat the practice is to leave it unlined 1t 


it does not require support. 
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The comments on unlined pressure power tunnels are considered to 


be of value to the purposes of this symposium since they show the 


satisfactory service of unlined rock excavations over a long period of 


time under adverse conditions. 


Cost. The cost per foot of tunnel of any one size varies with 


location, rock conditions, length, the amount of construction activity 


throughout the country at the time the tunnel is bid1 and other factors. 


Tunnel costs, of course, have been rising along with the general cost 


increases in other types of construction. For cost estimating of a 


particular tunnel, knowledge of the geology is essential. Also, either 


considerable recent experience or the advice of a construction engineering 


consultant is necessary. However, it is useful to know the relative 


cost per cubic yard of excavation for tunnels of different sizes in 


preliminary studies, in order to arrive at the economic size. Figure 2 


is presented with this limited purpose in mind. 


Figure 2 gives an estimated cost per cubic yard for unsupported 


horseshoe-shaped tunnel of a length of one to several miles driven from 


one heading. It is observed that the cost per cubic yard decreases 


materially as tunnel size increases in diameter from 8 to 20 ft and 


levels off as tunnel size goes beyond 20 ft diameter. As the tunnel 


increases in size in the 8 to 20 ft range, the decreasing cost per 


cubic yard is due in large part to: costs of tracks, air supply and 


supervision increasing only moderately; improved working space and 


working conditions; use of larger equipment; reduction in drilling and 


powder per cubic yard; and pulling of longer "rounds. " For supported 
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tunnel, the driving costs of Fig. 2 are higher by perhaps 25 to 6o per 


cent due not only to the cost of the supports 1 but to the lower daily 


progress in the supported tunnel while the payroll and overheads remain 


the same. 


SURGE TAlKS 


At the lower end of the power pressure tunnels a surge tank is 


generally necessary to supply or receive water due to rapid load changes 


at the power house, while the flow in the tunnel takes the necessary 


time to accelerate or decelerate. Four surge tanks are shown on Fig. 3. 


In the case of surge tanks, there is an opportunity to reduce costs and 


risks in excavation by finding the most favorable rock conditions near 


the portal, and this accounts for the different layouts shown in Fig. 3. 


At the Rock Creek Plant on the Feather River, there was deep decom- 


posed granite along the only ridge available for the tunnel portal, and 


a railroad and highway were located below. Consequently 1 the surge tank 


was moved back into the mountain where the presence of good granite rock 


was confirmed by the tunnel below and the access adi t above. At the 


Cresta Plant just downstream from Rock Creek, the tunnel portal ridge 


consisted of deep decomposed granite. 
An underground shaft surge chamber 


w1 th the necessary open cut would have presented hazards and higb. costs. 


The surge tank therefore was moved to a nearby solid granite creek bed 


and connected by a lateral tunnel in good granite underlying the de- 


composed granite ridge. At the Pit 4 and Poe plants, the rock conditions 


are uniformly poor in the general area of the portal, and the surge tanks 


were located to provide the most favorable open cut. The tunnels were 


run directly under them.. 


R-341 
3-26-59 
861 


The usual construction method is to drill a 6 to 8-in. hole on the 


centerline ot surge tank; construct a raise ot 8 to 10-tt dimension from 


a cage suspended by cable through the drilled hole; enlarge the raise by 


benching down in 8 to 10-tt steps and dropping the muck into the raise; 


and remove muck from a hopper at base ot the raise. At Rock Creek and 


Cresta, the excavations were in granite and required no support. At 


Pit 4 and Poe, in fractured volcanic formations, latticed steel ribs 


and lagging were necessary. Ribs and lagging were embedded in the 


concrete lining. 


The recently-constructed Poe surge tank excavation was begun as a 


1 :x 14-tt raise with EDway. Atter 55 tt ot progress, the rock conditions 


became unsuitable tor raise construction and the muck shaft was completed 


from the top. The tank was then benched down in steps, using the JDUCk 


shaft tor removal ot material. Concrete was placed using slip forms and 


the 212-tt sbatt and riser (J'ig. 3) was poured in 250 hours ot continuous 


work at 9.6 in. per hour. 
The slip form method was developed in grain 


elevator construction, and very successrully used in this case by Utah 


Construction Company. 


WORLD '5 UIDEBGROUID mDROELECTRIC PLAITS 


In planning and designing the Haas underground plant, a thoroqb. 


review ot literature on the world-fa undergreund hydroelectric plants 


was made. 
The study vas furthered by work ot the Power Division Technical 


Committee ot the American Society ot Civil Engineers and by correspondence 


with foreign eqineers. Resultina from this is Ret. 1 which presents a 


selected bibliography ot 213 references with abstracts, and a list ot 


the world's underground hydroelectric plants with data including the 
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size of excavations. The excavations are large1 some typical sizes, in 


length X width X height being: 
Darquinah • 239 X 106 X 85 ft; T-11 305 X 


59 X 105 ft; Kitimat (ultimate) ll4o X 82 X l39 ft; and Kariba1 2 - 46o X 


75 X 125 ft. 


Reference 1 was the first of a group of papers presented at a 


Symposium on Underground Hydroelectric Plants sponsored by the American 


Society of Civil Engineers at the Annual Meeting in New York in October 


l957. These papers may in the future be assembled in a single Symposium 


volume. At present, they are available as ASCE Proceedings Separates: 


Humber 
Subject 


Bibliography and List 
Raas Plant 


Author 


J. B. Cooke & A. G. Strassburger 
J. B. Cooke 
1350 
1529 
1554 
1555 
1598 
l670 


Plants in Italy and Other Countries Claudio Marcello 
Tatsuo Mizukoshi 
Sudagai Plant1 Japan 
Ambuklao Plant1 Philippines 
Plants in Canada 


1675 
Plants in Scotland 


Number 


146o 
Discussion of 1350 


Andrew Eberhardt 
A.W.F. McQueen, c. N. Simpson, 
and I. W. McCaig 
C. M. Roberts 


Subject 


1538 
Discussion of l350 
1689 
Discussion of 15291 1554 and 1555 


1830 
Discussion of 13501 1598 
1953 
Discussion of 15291 l5541 15551 1598, 1670 and 1675 


Since the underground excavation is a major feature and cost item 


in the underground plant, many of the references in the bibliography and 


the Symposium papers discuss the exploration~ design and construction of 


the excavation itself. 


Reference 1 lists 296 underground hydroelectric plants as existing 


under construction or scheduled. The strong world trend toward the 


underground construction is indicated by the fact that only 4o plants 
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existed before 1946. The basic reason for adopting the underground plants 


has been economic. 
Many underground plants have cost less than the 


alternative surface scheme; or, with credit for the additional effective 


head developed, they produce power at the lowest unit cost. Others are 


considered economic when credit is given to scenic benefits, freedom 


from slides, avalanches or freezing, or other semi-tangible benefits. 


There seems to be a reluctance to acknowledge the extent to which national 


security is a consideration. 


The :following tabulation gives a distribution of the plants by 


countries: 


Algeria 
Australia 
Austria 
Brazil 
Canada 
China (Formosa) 
Cuba 
Egypt 
El Salvador 
Finland 


2 
9 
2 
4 
3 
3 
1 
1 
1 
2 


France 
19 
Philippines 
1 


Germany 
3 
Portugal 
5 
Guinea (French) 
2 
Rhodesia 
2 
Iceland 
1 
Scotland 
5 
India 
3 
Spain 
2 


Italy 
72 
Sweden 
44 


Japan 
5 


Mexico 
4 


Switzerland 
28 


United States 
4 
Norway 
53 
USSR 
3 
Peru 
1 
Yugoslavia 
12 


The list is rather complete except in the USSR and the Balkan countries. 


That there are so few underground plants in the United States raises the 


question, why? First, the reasons of weather, avalanches, severe freezing, 


scenic considerations, and national security have not been important in 


this country. From the basic economic standpoint, in foreign countries 


the underground scheme is relatively more economic than its surface 


alternative. The underground scheale requires more labor and less material. 


Labor is a relatively more i.Jilportant cost item in the United States. 


However, advances in underground excavation techniques, equipment and 


knowledge are tending to increase the economic use of underground exca- 


vation in this country. 
The reasons for adopting an underground installa- 


tion at the Company's Baas Plant on the Kings River are economic. 
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DE HAAS UJID.ISlGBOUID EXCAVATIOBS 


The Haas Power ProJect is one of three P. G. and E. Company proJects 


on the North Fork of the Kings River in Cal~ornia1 50 miles from Fresno. 


It is the first large underground plant in the United States. The two 


other plants are small. but are notable in that they are two of the first 


six such plants in the world. They are Snoqualmie Falls 1 Washington 


(1899) and P. G. and E. •s Spaulding Bo. 11 California (1917). 


A general characteristic of tbe Haas ProJect is the extent'of under- 


ground construction in the massive granite formation of the Sierras and 


the use of the granite rock as construction material. Rock excavations for 


the Haas power twmel include the Wishon Dam diversion tunnel, the outlet 


from the dam1 Haas intake valve cballlber and access shaft, a 6-l/4: mile 


power tunnel, a rock trap1 and a surge shaft with galleries. The power 


plant excavation contract included the tailrace twmel1 the penstock shaft, 


the power house access shaft, and the power house chaaber. 
The general 


dimensions and arrangement of these excavations are shown on Fig. 4. In 


addition to taking advantage of the unlined rock excavations, gra~~.ite vas 


used for two 300-ft high rocktill storage dams1 and crushed granite from 


the powerhouse excavation vas used for. making concrete. 


HAAS POWER 1'UJUIBL DCAVAfiOliS 


Daa OUtlet and liaas Intake. 
The 1100-ft long diversion twmel 


required no support. Except for the concrete plugs and valve discharge 


chamber 1 it all remained unlined as the pel"'IIBDeelt outlet works for tb.e 


dam, (Fig. 4.) 
The massive granite is considered capable ot withstaruUng 


the turbulent discharge at 3500 cfs without concrete lining. 
The Raas 


power twmel begins at the valve chamber where the water under 24<> ft 


of head is sealed off from the valve chamber by well-grouted 20-ft lc»:J,S 


concrete plugs, through which a 10-ft diameter pipe carries the flow. 


The valve chamber and the 6 x 6 ft access and air vent shatt are unlined. 


Power Tunnel Alignment and Exploration. The power tunnel is a 13-ft 


unlined horseshoe section, 6-1/4 miles long with a head of 24o ft at the 


upstream end and 330 ft at the downstream end. The alignment parallels the 


canyon wall. Locating the tunnel further into the mountain than necessary 


to assure favorable granite for driving, and to assure adequate cover to 


prevent blowout and minimize leakage, increases the length unnecessarily. 


To aid in establishing the--alignment, drill holes were located in four 


creek beds that would control the alignment. 
The top of the holes was 


at elevation 6550, the maximum Wishon Reservoir level, and they were 


drilled to tunnel grade. It was considered that a tunnel alignment with 


cover equal to static head woul.d be accepted if the lower half of the 


holes showed sound unweathered granite. Two of the holes showed decomposed 


and weathered granite in the upper half of the hole and two showed 100 per 


cent to be sound fine-grained granite, and the alignment was accepted. 


Lateral cover at these creeks is about three times static head. 
An 


exception to the criteria of minimum cover equal. to static head was made 


at one creek where surface granite was massive and no drill hole was put 


down. 
At this creek 18o ft of cover over the unlined tunnel was accepted 


where the head in the tunnel was 28o ft, in order to save several hundred 


feet of tunnel length. 
An accurate leakage test made four days after 


filling the tunnel at maximum head indicated 0.6 c:fs leakage in the 


6-1/4 mile unlined tunnel under 24o to 330 ft of head. 
Inflow leakage 


during construction did not exceed 0.7 cfs at any time. 
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Power Tunnel Construction. The tunnel excavation work was awarded 


on the basis of competitive bidding to Morrison-Ka.iser-Macco-Perini, with 


Morrison-Knudsen Company as sponsor. The 32,850-ft long tunnel was driven 


f'rom one ad1 t on two headings; 19, 56o f't upstream, and 12, 830 f't down- 


stream. The first 28oo ft in each direction from the adit was driven by 


the method of 'hlternate headings" at an average rate of 90 f't per day, 


f'or one crew on each of' three shifts, until daily progress dropped to the 


required minimum schedule of 1000 f't per month ( 4o ft per day) in the 


long upstream heading. The overall average rate of' driving was 57 f't 


per day, including the slower alternate heading driving. 
Max1JDWD single 


heading progress was 70 to 75 f't per day and monthly averages in the 


latter half of' the job were 65 to 70 f't per day. Construction is turther 


covered in Ref's. 3, 4- and 5. 
The average overbreak was 21.9 per cent, 


which is equivalent to an overbrealt of 0. 71 ft all around the 13-ft 


horseshoe design section. 
The tunnel is 97 per cent unlined with 14 


short pieces of' concrete or gunite lining of' 10 to 150-f't length totalling 


1020 f't in faulted, sof't seam and fractured zones that required support. 


Also, gunite was used on occasional seams that might otherwise erode and 


cause rockfalls. 


Rock Trap. Af'ter the rails ad ties were removed h'oa the :tloor of 


the lmliDed tunel, l2 to 15 in. o:t twmel auck remained. To prevent this 


-terial f'roa reachiDg the turbines, a trap is located at the clowD.atreaa 


end ot the twmel. This trap (Pig. II.) 1a an elllargaent ot the 13-tt 


tlmnel to a 21-tt UDl.iDed t\DUlel tor a leqth ot 44o tt. It will store 


the portion ot the au.ck that is estt..ted to move dCIVIl the tlwlel. 
The 


concreting the invert. 


Surge Chamber. 
Two drill holes indicated that the 300-tt deep surge 


shatt would have to be located with the upper one-halt in decGli,POsed and 


weathered soft-grained granite. The drill holes also incUcated that the 


upper formation was not suitable tor a "raise" and that it would be eater 


to excavate downward. Accordingly, the contractor excavated and coacreted 


the top 150 tt from a head frame at the surface. The procedure was to 


excavate 10 tt and then concrete-line it. When good rock was encountered 


150 tt down, a 6-in. hole was drilled to the tunnel. The lower 150 tt was 


then excavated from the bottom up1 from a cage suspended on a cable in 


the 6-in. drill hole. The lower 150 ft of the 12-tt diaaeter shaft was 


gunited1 3 in. thick with 4 x 4 by 16 mesh1 since the granite was water- 


bearing and seamy. The two 75-tt long by 12-tt horseshoe-shaped galleries 


were lett unlined. From the surge chamber to the portal tbe tunnel is 


designed tor pressure and watertightneas1 having a concrete backfilled 


steel liner. 


THE BAAS UIDERGROUID POWERHOUSE 


Decision to Go Underground. The Haas Plant was orig1nally laid out 


as a surface scheme and on essentially the same alignment as tbe adopted 


underground scheme. The surface layout was the most economic ot five 


alternative surface schemes, but the high cost and head loss ot the heavy- 


walled penstock (2 to 3 in. thickness) on the flat profile at the lower 


end was discouraging. A study ot an underground layout indicated that it 


would be substantially lower in cost and would develop 30 ft more effective 


head. Even if the chamber excavation were to cost several times the 


estimate, it was still economic to go underground. With such a margin 
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tor contingencies, and with nom1nal exploration, it was decided to go 


underground tor the purpose of e:tfecting capital savings and developing 


more power. Additional inherent benefits are: development ot -.xillum 


effective head, conservation of 2500 tons ot steel, a safer and more 


per1118Dent installation, and mini.Jmm maintenance. 
The plant is now in 


operation and appreciable savings were realized as the result of adoption 


ot the underground scheme. 


Description. The underground powerhouse is approximately 500 tt 


vertically below the surface and 2000 ft from the river. 
The general 


arrangement and details are shown on Pip ... and 7. The penatoclt is in 


a 76o-tt shaft leading to the powerhouae cballber. The clulaber 1 which 


houses valves, UDits, auxiliaries and control rooa is 173 by 56 tt 1n 


plan and 100 tt high. 
An 18-tt diameter access shaft leading to the 


surface contains generator leads, elevator, stairway, piping and control 


leads and serves as the exaauat ventilating duct. 
The 2000-tt long, 


17 .5-tt high by 15-tt wide unlined tailrace tunnel served as access during 


construction and provides tor tuture access tor heaT,y loads, as well as 


tor emergency personnel access and tor ventilation. !be Haas _power 


development is discussed in greater detaU in Ref. 2. 


Exploration. 
The opt1Jmm econoaic locati~ ot the UDclergro1md 


chamber was detel'llined and it was decided to put down an IX core hole, 


500 tt deep, at each end of the proposed cha•ber. ~ 
first hole DB #1, 


provided essentia.l.ly all lO-ft cores of ideal granite. 
The second, DK 12-, 


200 tt away, vu a perfect hole uatU the elevation of the chuber vas 


reached, wbere so• 50 tt ot close cleavaae planes aacl soft se8M, 1n a 
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plane 20° to the horizontal, were encountered. 
DR #2 was getting away 


from the ridge and toward a nearby creek which may have been in a faulted 


zone. 
DB #3 was started a distance equal to challber length, 170 :rt, from 


DH #1 and was essentially a perfect bole and of the same grain structure 


granite as DB #1. The chamber was then located between DB #TJ. and #3, and 


it was decided to go underground without turtber drilling. 


The excavation contract was awarded to Morrison-Kaiser-Macco.c>erini, 


sponsored by Morrison-Knudsen Company. 


General. The power plant excavation contract included tailrace 


tunnel, powerhouse cballber, access sbatt and penstock shaft. All the 


excavation proceeded as planned with no contingencies arising. Practi- 


cally no support was required and no water was encountered. Figure 5 


is a record of the excavation progress and Fig. 6 illustrates the 


excavation methods. Details of the excavation bave been well covered 1D 


the engineering literature (Refs. 3, 4, 5, 6). 


The first step in the excavation contract was to complete the tail- 


race tunnel in order to gain access to the power house and to the other 


excavations. A small chamber was excavateQ., from which work was begun 


simultaneously on the penstock tunnel and shaft, two 8 x 8-ft raises to 


the crown of the chamber, and a 5 x 10-ft raise of 51° to the horizontal 


to the base of the access shaft (Fig. 6). As indicated by Fig. 5, the 


excavations proceeded together, with the chamber excavation determining 


the completion date. 


Tailrace Tunnel. The 2000-ft long tailrace tunnel (Fig. 4) was 


driven in 58 working days at an average rate of 34 ft per working day, 


which includes some initial one- and two-shift days. For three-shift 
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driv1Dg1 the average progress was 47 f't per day with maxilmm days of' 55 


to 6o f't per day. Thirteen -toot rounds were pulled and mucking was by 


Eimco mucker and Dwaptors (Ref's. 31 6). Bo support was required and no 


water was encountered. Four 4o-f't long passing areas were constructed, 


each giving a total width of' 20 tt tor passing instead of' the tunnel's 


15-f't width. The 15-f't width of' tailrace tunnel was adopted aa a 


practical miD.iJiwll tor construction loads and trattic1 and is larger than 


would have been necessary tor hydraulic purposes. The invert is paved 


tor use as a permanent access roadway. 


Rock Anchor and Gunite Arch tor Power House Chamber. It was consid- 


ered that, other than a f'ev rock anchors, no actual support would be 


required. However 1 tension cracks and possible spelling in the arch 


ceiling could be expected. It therefore was decided on the basis ot 


Judgment to secure the ceiling tor per&onnel and equipment safety. A 


rock-aa.chored and gunited arch was estimated to cost one-half' as much as 


a concrete arch and to have other advantages. It could be accomplished 


with minimum delay and cost to the excantion1 and the rough surface is 


desirable tor accoustical reasons. Details of' the arch are shown in Fig. 


7. 
The rock anchors are l-in. diameter rein.torciDg bars, 10.01 12.51 


and 15 f't long1 and at 3-1/2 f't spacing both ways. 
The anchors and 


pni te in etf'ect provide a rein.torced or sewn rock arch, troa which a 


loosened rock cam:~.ot tall. 'fhe Perto Method ot the Sika Chemical 


Corporation vas selected as the moat economic and sui table method tor 


overhead grouting of' rock anchors, an4,. is illustrated and described in 


Ret. 6. Two halt-road perforated tubes ot sheet •tal were tilled with 


a a tift sand cement grout and then wired together. This was inserted 1n 
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the hole and a reinforcing rod was driven in by an air hammer. 
The 


volume of grout was such that a slight amount was extruded as the rod 


was driven to the end of the hole.. 
4 x 4 in. x #6 x #6 gunite mesh 


was formed to cover the rock with 1 in. miniJaum clearance over rock. 


Two 14 by 2-ft reinforcing rods were welded to the anchor at 90° to each 


other and each parallel to the rock face. These bars supplement the mesh 


and anchor the gunite to the rock. Gunite of 4 in. thickness, with 1-1/2 


in. minimum cover over mesh and rock points was applied to the shape of 


the rock. 


Powerhouse Chamber. 
The size of the initial working chamber, 25 x 


70 ft in plan and 23 ft high, was governed by the shape of the wheel pit 


and sump area which was at tailrace tunnel grade (Fig. 6). Two 8 x 8-ft 


raises were driven to the crown and an 8 x 20-ft crown drift was driven 


the :f'ul.l 173-f't length of' the power house. In order not to 1nterf'ere 


with the access shaft excavation, the excavation of the arch, rock 


anchoring, and guniting (construction steps 31 4 and 5 of Fig. 6) were 


started at the opposite end. 
The rock anchor and gunite work was carried 


out from pipe scaffolding on the floor of step 5. Scaffolding was moved 


as work progressed toward the access shaft end of the power house. 
The 


work was well organized and the 2000 anchors and 13,000 square feet of 


gunite was completed in six weeks along with some remaining step 3 and 


5 excavation (Fig. 6). After the arch was completed, the excavation 


proceeded rapidly (Fig. 5) at an average of 2000 cu yds per week with 


daily production varying between 200 and 1100 cu yds per day. 
The main 


excan.tion was carried out in irregular benches about 10 ft or more in 


height. Muck was bro\18ht to the chutes by a slusher which is a ''bucket" 
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operated by cables between a dead-ED anchor and a compressed air hoist. 


The excavation between the two 8-ft square chutes was completed first in 


order not to interfere with the access shaft excavation. 
Only a few 


anchors were used other than the pattern (Fig. 7) established for the 


roof. 


Bo water was encountered, but there were several damp spots on one 


wall (Fig. 3) and at each end. 
The moist seams were drilled to drain 


them and minimize dampness 1 but no curtain walls were used. 
The rock 


temperature was 58° F when the tailrace tunnel reached the chamber 1n 


February 1957,wh1ch is a very favorable temperature. It increased about 


0. 5° per month due to the warm ventilating air 1 and 1n September 1957 


was 62° F. 


Access Shaft. The access shaft excavation (Fig. 6) began with a 


6-in. diameter hole. 
An 8 x 9-ft raise was driven using a cable-supported 


steel cage. 
The cage was pulled under the chamber arch and the cable 


raised in the 6-in. hole when a round was to be shot. The 18-ft diameter 


was tben ringed out from the top down. 
The top 20 ft of the shaft was in 


weathered rock and was excavated from the surface bench and c.oncreted 


before ringing out the 18-ft unlined shaft, which is 1n excellent and 


dry granite rock. Since the concreted rock carried water, the formation 


was grouted. 
The 389 ft of 8 x 9 ft raise was driven in 25 world.Dg days 


at 16 ft per day. Progress increased from 8 to 15 ft initially to 20 


to 25 ft per day near completion. Ringing out took 23 days at an average 


of 17 ft per day. 


Penstock Sbaft. Atter 635 ft of the 76o-tt shaft was raised, trac- 


tured and then soft-grained granite was encountered. 
The re~~aining 125 
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ft was driven from the surface bench downward and required timber support 


for safety. Men and supplies were brought to the raise heading by a 


small car in the manway (Fig. 6). The car was pulled by a tugger hoist 


located in the 9-ft penstock branch excavation (Fig. 6). The muck was 


moved by rail through the 12-ft branch excavation and dumped into the 


chamber. The branch pipes are only 4 ft-7-l/2 in. OD, but the 12-ft 


size tunnel is necessary to install the two 82-in. diameter bend pieces 


and the vye. 
The raise was driven in ll3 days at an average rate of 7 


ft per day 1 vi th days varying frOJil 5 to 10 ft depending on whether one 


or two rounds were pulled. 


CONCLUSION 


The extensive experience with tunnels and surge tanks has been very 


satisfactory. 
The Haas Plant went into operation in December 1958. 


There has been no instance of a falling rock from the access shaft or 


the unlined powerhouse chamber walls. 


In looking to the fUture, it is possible that nuclear plants may 


involve greater excavations than heretofore. The Pacific Gas and Electric 


Company has underway with General Electric Company a research and devel- 


opment project on the "pressure suppression" method of reactor contain- 


ment. This project has received encouragement from the United States 


Atomic Energy Commission, and so far the investigations and experimental 


results have been gratifying. Success of the program could result in 


substantial economies and could elim1nate from the water-co.oled nuclear 


plant the familiar sphere or cylindrical capsule which has been a trade- 


mark of most atomic stations. One concept of a plant using "pressure 


suppression" (Fig. 10) would have the reactor housed in a small-diameter 
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steel-lined caisson about 100 tt deep. Pipes would connect to an under- 


ground tank containing water and air 1 and into which steam would escape 


troa the dry well reactor enclosure in the event ot an unusual incident. 


Aside trom the sub-surface arrangement that may develop w1 th "pressure 


suppression" containment, consideration is given to possible future 


underground nuclear plants (Ret. 7). 
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FIGURES 


1. Physical data, P.G. & E. Co. tunnels. 


2. Excavation cost, unsupported tunnels. 


3. Rock Creek, Cresta, Pit 4, and Poe surge tank excavations. 


4. 
Baas project excavations. 


5. 
Baas power plant, excavation progress. 
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6. 
Haas powerhouse excavation. American Society of Civil EDgi.neers. 


7. Sections and roof details, Baas powerhouse. American Society ot Civil 
Engineers. 


8. 
Baas powerhouse, chamber excavation nearing campletion. Dark spots are 
damp areas. American Society of Civil Engineers. 


9. 
Haas powerhouse, excavation canplete, structural steel and cranes 
installed. American Society of Civil Engineers. 


10. Nuclear power plant arrangement using pressure suppression system. 


PHYSICAL DATA- PG.&E. CO. TUNNELS 


R-341 
3-26-59 
877 


The PG.&E. system contains 73 tunnels totaling 119 miles in length. 
This tabulation inclJcles 32 of the more npartant ._. 
totalinl! 93.3 miles in lenl(th. 


NAt.4E Of 
YEAR ... ENGTH 
EXCAVATED 
LINED 
PERCENTAGE 


TUNNEL 
COt-4- 
(F"EET) CROSS SECTION CROSS SECTK>N 
SUP- 
WNED 
UN- 
TYPE Of ROCK 
PLETED 
WXH 
(F"EET) 
WxH 
(F"EET) 
PORTED 
lt£0 
KERCKHOF"F" 
1920 
16,900 
18 X 18 
-- 
0 
0 
100 
GRANITE 


KERN 
1921 
8,350 
13 X 14 
11.25 X 12.17 
20 
58 
44 
GRANITE 
PIT I 
1922 
10,050 
15.7!> X 14 5 
14.25 X 13 
*H 
100 
100 
0 
VOLCANIC 
BALCH 
1924 
19,000 
12 X 12 
-- 
0 
0 
100 
GRANITE 
PIT 3 
1925 
20,981 
22 X 21.5 
19 
••c 
98.7 
100 
0 
VOLCANIC 
BUCKS CREEK NO. I 
1925 
9,550 
9.25 X 7.5 
-- 
0 
0 
100 
GRANITE 


BUCKS DIVERSION 
1925 
5, 750 
8 X 6.75 
-- 
0 
0 
100 
GRANITE 
MELONES 
1927 
4,980 
13.5 X 13.5 
12 X 12 
HC 
0 
100 
0 
GREENSTONE 


DRUM CANAL NO.I 
1928 
3,350 
9.67 X 13.87 
-- 
0 
0 
100 
GRANITE 
TIGER CONDUIT 
1932 
14,353 
10 X 11.25 
7.87 X 9.25 
H 
8.3 
8.3 
_93.7 
GRANITE 


STANISLAUS 
1939 
57,509 
9.5 X 11.25 
9 
X 10.75 
H 
1.3 
1.4 
98.8 
CALAVERAS 


COLGATE 
1940 
24.674 
9.5 X 10.75 
8 
c 
3.0 
7.2 
92.8 ~·.....-. &SEN'ENTK 
OLEUM 
1942 
2,576 
9.75 X 1·1 
9 X 10.25 
H 
100 
100 
0 
SANDSTONE 
DUTCH F"LAT 
1943 
21,775 
12 X 12 
9 X 9 
H 
59.2 
84.8 
35.4 
SLATE- SERPENTINE 


NARROWS 
1943 
1,058 
10.5 X 13.5 
9 X 12 
H 
0 
100 
0 
DIABASE 
PIT 5 
NO.I 
1944 
5,037 
21 
19 
c 
100 
100 
0 
VOLCANIC BRECCIA 
PIT 5 
N0.2 
1944 
23,161 
21 X 21 
19 X 19 
HC 
100 
100 
0 
VOLCANIC BRECCIA 


TABEAUO 
1948 
2,889 
135 X 13.5 
12 X 12 
H 
0 
100 
0 
CALAVERAS SCHIST 


WEST POINT 
1948 
14,333 
12.83 X 14.5 
10.83 X 13.5 
H 
8.4 
11.5 
88.5 
GRANITE 
ELECTRA 
1949 
43,062 
12.83 X 15.5 
10.83 X 13.5 
H 
21.7 
21.·7 
78.3 
GRANITE & CALAVERAS 
CREST A 
1949 
20,903 
26 X 25 
24 X 24 
H 
8 
9.8 
90.4 
GRANITE 


ROCK CREEK 
1950 
34,119 
25 X 25 
21.67 X 21.67 
H 
81.8 
84.8 
35.2 
GRANITE 


BEAR RIVER DAM 
1952 
I ,095 
10 
X 12 
-- 
0 
0 
100 
GRANITE 
BEAR RIVER 
1952 
13,249 
8.5 X II 
7.5 X 9 
H 
0.5 
2.9 
97.1 
GRANITE 


HENDRICKS 
1953 
4,620 
7.5 X 8 
5 
X 6.5 
H 
100 
100 
0 
~ANIC-CONGI.OMERATE 
PIT 4 
1954 
21,454 
20.5 X 20.5 
19 X 19 
HC 
100 
100 
0 
!vOLCANIC· TUFF ·BRECCIA 
WISHON 
1956 
I, 158 
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1. There are many natural reasons why Sweden is quite advanced in hav- 


ing underground installations: 


a. The location close to the Iron CUrtain. 


b. With a neutral pol.icy 1 we do not want to depend on aey-one. 


c. All oil, gas and coal has to be im:ported.. 


2. Mining has alw~s been a big industry with a large number ot exper- 


ienced. people available. When World War II started the most important de- 


tense manufacturing was put underground, e.g., munition aDd explosive manu- 


:ractur1ng1 complete airplane manufacturing. 


3. Since the war all efforts have been made to secure and protect our 


defense machinery. I would like to say that Sweden then was in the same 


position in which the u.s.A. is now. 
I:f there was going to be another war it 


could be fought in our country. The following vi tal installations have been 


put undergrow::d: 


a. Docks for destroyers and submarines. 


b. Hangars for interceptors and light attack planes. 


4. For the protection of civilians as well as mill tary personnel lll8.ey' 


air raid shelters were built. The government insists that practically every 


large housing proJect have some kind ot an air raid shelter. There have been 


201000 st&Mard subterranean shelters buUt that also give fairly substan- 


tial protection asa:Snst atomic bombs. Sane 21000 st&Ddard shelters are beiDg 


provided tor an additional 1. 3 million people each year. 
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One of the biggest shelters is used in peacetime as a garage. Essenti- 


ally, the layout consists of a 1,6oo-tt tunnel, 42 tt vide and 33 tt high. 


In the event of an emergency this shelter can be used by 20,000 people. 


5. Because all oil, gas and coal has to be imported, D18JJY big under- 


ground storages have been built. Different methods have been developed to 


keep gas and oil stored directly in rock chambers w1 thout loss or contamina- 


tion. 


6. Our electricity is mostly hydropower and these power plants have 


been put underground or at least been made as secure and sate as possible. 


Figures l and 2 show site plans of the construction ot the tailrace 


tunnel tor the Stornortorrs plant. 


The three, ultimately tour, generators have a capacity of 1501000 K.W 


each, and are the largest un1 ts constructed thus tar. 


Figure 3 shows the drillers • cage tor driving raises. 


In Sweden we take pride in pointing out what we feel is the biggest 


tunnel in the world. But I must be honest with you and say that the Starner- 


torrs tunnel no longer has the biggest area. The machine halls of the com- 


plete underground 700,000-K.W steampower plant known as Stenungsund are big- 


ger .. (Fig. 4). Each of the six machine halls are made as a tunnel with a 


length of 4o9 ft, width 8o f't and height 109 ft. The area is 4,4oo ft2 which 


exceeds Stornortorrs by 200 tt2 (Fia. 5) .. 


7. You might now think that costwise these underground installations 


will be much higher than so-called "normal costs." A few examples might be 


of interest. The cost of the development at Stornortorrs is $112 per instal- 


led KW, one of the lowest figures recorded in Sweden for a postwar develop- 


ment. 
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The drilling, blasting a.nd mucking of the tailrace was $3.15 per cubic 


yard for the top heading, and including benches $2.45. AOmjnistrative costs 


are not included. 


Civilian installations can be put underground economice.ll.y. The Swedish 


wines and spirits monopoly just have had the first winetanker unloading di- 


rectly into their new 10.5 million gallon underground cisterns. 


FIGURES 


1. Stornorrf'ors Project, general layout. 
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2. 
Stornorrf'ors Project, intake, generator roan, and tailrace tunnel. 


3. Drillers' cage for driving penstock raises. 


4. 
Stenungsund underground machine hall. 


5. 
Stornorrf'ors underground machine hall. 


STORNORRFORS PROJECT features 2.5 mile tailrace tunnel designed to convey 28,000 
cfs of w.ater from four 178,000 hp Francis turbines, which are among world's largest. 
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Fig. 4 


Fig. 5 


UNDERGROUND PHENOMENOLOGY 


H. L. Brode 1 Chairman 
(The RAND Corporation} 


I. 
SUMMARY AND INTRODUCTION 
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In conjunction with the Second Symposium on Protective Construction, 


held at The RAND Corporation (24-27 March 1959} 1 a relatively small group 


of technical people met to explore the present status and the probable 


future of research into the underground phenomena associated with air or 


surface burst nuclear explosions. Emphasis in the main symposium was on 


construction techniques and practical problems, while the small working 


group was principally concerned with the physical phenomena related to 


the survival or failure of deep underground structures. 


This effort was prompted by the need for a review of present know- 


ledge of the basic phenomena, and more importantly by the need for 


suggestions as to how the physical understanding of these phenomena 


could be improved. 
The range of pertinent phenomena, extending from the 


earliest phases of cratering, through the propagation ot various waves 


and including the interaction of these waves with underground structures, 


is very broad. For this reason, and also to facilitate productive 


discussion, the group was arbitrarily divided into three sessions, meeting 


separately at least part or the time, to concentrate on specific portions 


or the phenomena. 
The groups, with their chairmen, are listed below: 


CRATERING GROUP 


Dr. Curtis w. Lampson, Chairman--Ballistic Research Laboratories 


Mr. Donald Anderson--Armour Research FoUDdation 


Dr. Robert Bjork--The RAND Corporatbn 


Dr. Harold L. Brode--The RAND Corporation 
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Dr. Nancy Brooks--The RAND Corporation 


C()JIIIII8Jlder w. J. Christensen--Bureau o:f Yards and Docks, USN 


Dr. J. E. Hill--The RAND Corporation 


Dr. M. Kornhauser--General Electric 


Dr. John G. lewis--Armed Forces Specia.J. Weapons Project 


Dr. J. L. Merritt--University of Illinois 


Dr. B. F. Murphey--Sandia Corporation 


Dr. Gene Pelsor--University of California Radiation Laboratory 


Mr. Beauregard. Perkins--Ba.J.listic Research Laboratories 


Dr. John s. Rinehart--Colorado School o:f Mines 


Dr. Donald Sachs--Stanford. Research Institute 


Dr. Ted Schift.man--Armour Research Foundation 


Dr. Richard Skalak--col.umbia University 


Dr. Fred Smith--colorado School of Mines Research Foundation 


WAVE PROPAGATION GROUP 


Professor Ian.iel c. Drucker, Chairman--Brow University 


Dr. Douglas Anderson--The RAND Corporation 


Dr. Millard. F· Barton--Space Technology Laboratories 


Professor Hans Bleich--Col.umbia University 


Dr. Chi-Chang Chao--Stanford University 


Professor J. w. Craggs--Brow University 


Dr. Frank L. DiMaggio--Columbia University 


Mr. Wil.bur Du.vall--u. s. Bureau of Mines 


Dr. Samuel Genensky--The RAND Corporation 


I 


Dr. B. F. Bowell, Jr. --Pennsylvania State University 


Dr. Carl Kisslinger--st. Louis University 


Mr. Robert IDof'bourow--Mining Engineer 


Dr. E. L. McDowll--Armour Research :Foundation 
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Professor Julius Miklowi tz--Calif'omia Institute of' Technology 


Professor Batban He~rk--UDiversity of' Illinois 


Dr. Blaine R. Parkin--The RAID Corporation 


Professor John Rinehart--Colorado School of' Mines 


Dr. Fred Sauer--Stanford. Research Institute 


Professor We mer E. Schmid--Princeton UDiversi ty 


UNDERGROUND STRUCTURES GROUP 


Mr. Paul Weidlinger, Cbairman--Weidlinger Associates 


Dr. Lawrence Adler--Michigan College of' Mining and i'eclmology 


Dr. Melvin L. Ba.ron--Weidlinger Associates 


Professor Stefan Boshkov--Columbia university 


Mr. William Brown--The RAND Corporation 


Mr. Albert Cabn--Tb.e RAND Corporation 


Professor Freeman Gilbert--University of Califomia, los Angeles 


Professor Niles Grosvenor--colorado School of Mi.Des 


Dr. John D. Baltiwanger--University of' Illinois 


Mr. William R. Judd--Geotechnical Consultant 


Mr. John Lynch--Office of' Civil and Defense Mobilization 


Mr. Hubert Moshin--The RAND Corporation 


Mr. Thomas lebrrison--American Machine and Foundry Company 


Mr. David Singer--Armour Research Foundation 


Dr. R. B. Vaile, Jr.--stantord Research Institute 
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Mr. Eric Wang--Air Force Special Weapons Center 


Dr. Merit p. White--University of Massachusetts 


The body of this report consists of the separate conclusions of each 


of the three sessions as prepared by each chairman. Although the summaries 


and conclusions of each of the sessions vere arrived at separately, and on 


most points represent the consensus of that session, the present fo:nn of 


this report vas reviewed by the entire working group. 


II. 
COMMI'r'lEE REPORT OJf CRATERIIfG AID RUP'!UBE 
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1. 
The Committee is tremendously impressed with tbe ~c 


model crater calculations of Drs. Brode, Bjork and Brooks and urges tbat: 


(1) the calculations be carried to a l.evel of pressure at l.east equal. to 


the detonation pressure of an m: charge and as far be;yond as seems reaaon- 


abl.e to the group; (2) a similar calculation be carried out f'or the case 


of a nucl.ear charge at two or more depths below the surface, of'· which one 1 


at least, is deep enough so tbat surface effects are neg1igible; and 


(3) the same calculations be repeated for an BE charge to assist in the 


scaling process between BE and nucl.ear charges UDderground. 


2. 
The CODIIJlittee urges tl:a t additional calculation and analytical 


work be instituted to investigate the region between the crater and the 


limit of permanent deformation of' the material. It is essential that such 


analytical wrk be coordinated vi th experiments designed to cbeck the 


val.idity of' the calculations. 
TlJe CODIIJlittee is cognizant ot the dif'ficul- 


ties of' the task but believes that as J18.DY avenues of' approach aacl sJd.l.l.hl. 


uses ot approximations as can be found shoul.d be applied to this difficult 


problem.. 


3· 
The COJBlittee believes that develo:p~ents of' tbe expl.ocling Wire 


technique tor t~ production of' explosive pulses aD4 controlled Jledia, 


such as plaster of' paris, shoul.d be utilized tor the laboratory i.Jl-.estiga- 


tion of' the crateriDg and rupture zone f'ol"'l&tion. 
These resul.ts shoul.d be 


compared v:l.th :a:icro-exploaive charge experiments in tbe sue media. 


4. 
The eo.aittee believes that methods of investigation ot the stress- 


strain curves of materials such as rock in situ at appreciable depths caD 


R-341 
3-26-59 
896 


and should be developed in order to provide usetu.l input data tor the 


analytical and computational approaches to the problems. 


5· 
The Committee urges that pressure, and material motion data 


directly underneath a surface-detonated charge be acquired. 
There appears 


to be a great gap in our information concerning this region. 
This gap, 


which bas occurred because of the difficulty of making such measurements, 


must be filled as soon as possible. 


6. 
The CODIIIli ttee suggests that developed geophysical prospecting 


methods such as retraction shooting and resistance survey methods, in 


addition to the sand column technique, be exploited in order to delimit 


the zone of rupture and permanent deformation as accurately as possible. 


1· 
The CODIIIli ttee urges that retraction information and wbatever 


other underground measurements seem practical be incorporated in the 


forthcoming Plowshare operation. 


8. 
The Committee believes that an excavation of the Jangle "s" 


crater should be conducted (if' it still exists) with the objective of 


determining the rupture zone and true crater size. 


9· 
Addressing ourselves to the problem of desirable courses of' 


action in the three postulated situations, viz, (1) no future nuclear 


tests, ( 2) deep Wlderground tests only, and ( 3) possible future nuclear 


surface tests, we arrived at the following conclusions: 


a. 
Bo future nuclear bursts: 


A series of tests, similar to the u.E.T. series in Utah, 


using moderate-sized explosive charges of special shapes, 


should be conducted in a rock site, with the express objective 
. 


of measuring the effects directly beneath a charge on the 


ADllDI>tM: 
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surface and at various heights close to the nrtace. 'l'his 


test series sboul.d utilize the results ot the BAlD cal- 


culations and wba.tever other &ll&l.ytical approXimations 


are developed as a mutual. check and guide tor the instrumen- 


tation. 


b. 
Deep underground shots onl.y: 


We believe that drilling and retraction techniques should 


be eJCpJ.ored with the objective of del.iBliting the zone ot 


rupture and permanent deformation, if possibl.e 1 in order 


to compare w1 th the planned RAID cal.culations ot the radii 


ot these zones. Measurements ot acceleration, pressures, and 


pulse arrival. tiaes are asSUIIIed to be a part of such ex;peri- 


aents in any ease. 


·a. 
JU.cl.ear surface burst: 


The same suggestions as tor no testing or l.illite4. test1Dg, 


with emphasis on mea8Ul"ee8nts directly und.er the eharp. 


Crater sectioning the sand colUJm teclmiques should be 


applied in addition. A great need 11as eJ!Pressed for the 


devel.opalent of a small, ael.f-recordiDg pressure gause to be 


buried in the I8.Dd colUIID and later recovered vben the seat 


colUJm is excavated. 


Considerable iDterest 11as ellpresaed on the applicability ot hi&h- 


speed-illlpact cra:teriDg info:raation to the nuclear crateriDg problea. 


The ad"t'Ultage ot this •t:bocl of crater fomation, it it proves to be 
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applicable, is that tb! energy density at the impact point can be varied 


over wide r&Dges in contrast to the use of BE for this purpose. 
BAlD 


calculations should abed light on the problem of applicability. 


III. 
COMMI~ REPORT Olf WAVE PROPAGATION 
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'!'he Underground Wave Propagation Group attempted to establish the 
* 
information which is presently available on the free field problem aDd 


to determine the direction in which present and tuture resea~h should go. 


As the discussion progressed it became apparent that definitive conclusions 


on the problems of immediate interest could not be formulated, because much 


of' the necessary basic information bas never been determined. 


We started, therefore, vi th an analysis of the types of probl.elu to 


be studied. 
Most attention was devoted to two special cases, the near 


miss and the direct hit, Fig. 1. 


1-------- Distance exceeding 5 crater rod i i -------1 


Fig. 1-Schemat•c diagram showing relative positions of underground shelters 


and surface burst crater for a nedr miss at A or a direct hit at B 


BAR MISS PROBlEM: 


In Fig. l the point A would correspond w the relative position of' 


the target structure with respect to the crater trom a surface burst. 


In this case the majority opinion was that the important loads on the 


* The term free field wave propagation is defined to include tlle study of' 
UDderground •ve motions in regions of' the medium which are not infl.uence4 
by man made structures or, in a medium which contains no such structures. 
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structure would be induced :f'rom the expanding air blast. Others felt 


that im;portant loads on the structure may also be transmitted through the 


earth directly from the crater zone. 
Rayleigh wves in particular may 


cause trouble. It ws concluded that both possibilities should be examined. 


A number of competent investigators are studying linearly elastic wave 


propagation in connection with this problem. 
Work is being carried out for 


the isotropic homogeneous elastic half space 1 and some plan to include the 


effects of variation of properties with depth and also to solve layered 


systems. 


The wave propagation group recognizes the need to consider inelastic 


bodies as well, but feels that the elastic solutions will be an extremely 


use:f'ul. guide for design and are a necessary first step in the problem of 


the near miss. A second step would be to assume a visco-elastic or a 


perfectly plastic material, but the mathematical difficulties are over- 


whelming. 


DIRECT HIT PROBIEM: 


The point B of Fig. 1 shows the position of the underground target 


with respect to the crater after a direct hit. 
The wave propagation 


group also considered the case in which the shelter was located off the 


vertical axis of symmetry. 
They could not find any simple probl.ems which 


might aid the designer but looked forward to the axially symmetric elastic 


wave solution considered above. 


In the case where the target is centered directly under the crater 


it appears that there are some relatively simpJ.e ideal.ized problems which 


one may study in order to gain a physical feeling :for the effects of real 


materials and the inhomogeneities which are present in the earth's crust. 
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The actual problem has pressures applied to a cavity at the ~surface of a 


balf space (Fig. 2). 
The replacement, which is far sill;pler, is a cavity 


in an iDf'inite body (Fig. 3). 
Interaction bet-weeD the vaves aDd the actual 


free surface are tl!ms ignored. 


Shelter~ 
8 


Fig. 2-Pressures acting on a spherical cavity in a half space 


\Ground line 
__ \_ __ _ 


Shelter~ 


8 


Fig. 3-Problem reduced to one of spherical symmetry 
by omitting the presence of the ground surface 
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'Wben results from the cratering study become available they should be 


used in the f'orm.ulation of' the boundary conditions on the spherica.J. cavity. 


Also, as shown in Fig. 41 the center of' the cavity may be displaced upward 


f'rom the ground surf'ace position when interpreting the meaning of' the 


solution, if' the results f'rom the cratering study make this step seem 


desirable. 


Shelter~ 


8 


\Ground surface 


---~--- 


Fig. 4-Center of cavity displaced from ground surface 


The range of problems to be considered should include inhomogeneous 


as well as homogeneous media. 
Examples are the propagation of' spherical 


waves through a medium whose properties vary continuously with radial 


distance, a medium composed of' homogeneous spherical layers, and perhaps 


also a medium containing inhomogeneous layers. 
Various idealized materials 


should be assumed which under appropriate conditions simulate the salient 
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features of the behavior of actual materials in the earth. A list of such 


materials together with schematic stress-strain diagrams follows: 


(j 


I. Linearly elastic 
L. 


(j 


2. Elastic perfectly plastic 
C. 


(j 


3. Elastic work hardening 
Lc:_. 


4. Linear visco-elastic 


I_ IE 
5. Locking material 
~ 


(j 


6. Perfectly inelastic locking material LL 


E 


7. Visco-plastic 


Although the plane-wave problem is not much simpler than the spherical 


and is farther from physical reality, the group felt that much of value 


could be learned from its solution as well. 
An intuitive understanding of 


what is likely to happen to a complex wave requires as much of this back- 


ground information as possible. 


The group turned its attention next to the question of what experiments 


should prove valuable and how they might be performed. 
Possible e:x;peri- 


mental "WWrk was divided into three groups: 


1. 
Laboratory determination of stress-strain relations from 


intermediate to very high rates of loading and with little 
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to very high lateral restraint. 
The suggestion was made 


that eJC:plosive charges be used and that both the plane strain 


case (thin disk) and the long bar be employed. 
'!eats in situ 


are then required to establish the correspondence between 


laboratory and fieJ.d. 


2. 
Comparison of experimental results with the theoretical pre- 


dictions which are now know and those which will become 


available. Stress-strain relations established by (1) are to 


be employed for simple one-dimensional problems of plane wave 


propagation and spherical symmetry discussed previously. 


3· 
Predictive experiments should be attempted to provide direct 


design information. 
This is the last step in the sequence of 


experiments and both in situ and laboratory experiments should 


be considered. 
The group as a wbole felt that the possibility 


of modeling on a laboratory scale was relllOte but should not 


be discouraged. 
T.bey also pointed out that valuable basic 


design information could be obtained from specific tests in 


situ which were not necessarily model tests 1 nor f'u.ll scale. 


A considerable discussion was held on the matter of instrumented 


fiel.d tests designed f'or some immediate purpose unconnected with the :free 


field problem and for which little tt. could be spent on plarmtng for 


this purpose. It was felt very strongly that money should not be spent 


in this ms.nner. 
Well planned and instrumented free field tests are 


essential and should be carried on simultaneously and with equal priority. 


Although much time was spent on tlle question of' instrumentation, and 


the enormous dif'f'icul.ties of measurement in the f'ree f'deld wre the subJect 
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of repeated comment, it was felt premature to sugsest appropriate instrumen- 


tation at this time. 
Stress measurements in the :f'ree field are especially 


difficult and seem to be impossible at present. 


Mr. Wilbur Duvall brought to the attention of the session sa.e e~ri­ 


mental results, obtained by means of high explosive charges, on the propaga- 


tion of waves in rock. 
These measurements were made on the materials in 


situ and most observations were carried out at stress levels which one 


might have ex_pected to be within the elastic regime for the rock. 
Ji>wever, 


it was found that stress pulses decayed with distance nearly as l/r2• 
Bad 


the medium behaved elastically the attenuation with distance wuld have been 


proportional to 1/r, so that these results sbow a marked deviation from. 


linear elasticity. Moreover in one sandstone layer it was found tba. t the 


wave front steepened to fom a shock. 


Several times during the t-wo-day meeting, attention was turned to tbe 


influence of the e~ing air pressure pulse applied to the surface, on 


the stresses induced by a direct hit. 
The feeling of the Cba.irma.n was tba.t 


an order of magnitude calculation demonstrated that significant stresses 


could not arise from these pressures. 
Two figures were compared. 
One, 


* 
Fig. 5, showed the impulse induced by the air pressure, which Dr. Brode 


has computed to be in the neighborhood of 500 psi-seconds. 
The other was 


obtained from extrapolation of results for water as given in the monograph 


edited by Glasstone, The Effects of Nuclear Weapons, 1956, Government 


Printing Office, page 217 Fig. 5.48. At a distance of 0.2 mile from 


* H. Brode, "$pace Plots of Pressure, Density and Particle Velocity for the 
Blast Wave From a Point Source in Air," The RAID Corporation, Research 
Memorandum RM-1913-AEC, JUne 3, 1957· 
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Fig. 5-Space plats for blast wave from a 20 megaton surface burst at 
various times after detonation 


(A) Very intense pressures produced at very early times after detonation 
(B) Pressures in blast wave at later times 
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ro a one kiloton explosion in deep water is said to produce 30 


s impulse and over 2000 psi. 
Using the scaling :factor r}/3 = 27 


tor a 20 megaton burst, 810 psi-seconds at 5.4 miles is indicated. 
The 


impulse 
water varies approximately as 1/r so that the impulse at 0.2 


mile sho d be at least 20,000 psi-seconds. 
A comparison of the 20,000 


with the 500 for the air pressure indicated to the Chairman a strong pro- 


ba.bility that the air pressure could be ignored. 
Furthermore, the pressure 


which s 
les to 2000 psi at 5.4 miles wuld be over 50,000 psi at 0.2 mile 


vi th mean air pressures of the order of 1000 psi on the surface 


than one psi static stress f'or each f'oot of' depth. It did appear 


correct 
assume that the impulse transmitted to the water in a deep burst 


would be of' the same order of' ma.gni tude as the impulse transmitted to the 


ck in a surface or sub-sur:face burst. Attenuation in soil or 


d be likely to be much greater than for water but the chairman 


felt tha stresses of 10,000 psi at a depth of 3000 teet were a strong 


possibil ty. 


The group, ho-wever, felt that this question was a very difficult one 


which re uired much additional study, and it suggested that the comparison 


be made or an elastic solution in an effort to obtain an ans-wer. 


s worth noting, in closing, that, although there are so :ma.ny un- 


blems of great difficulty and so little is known about the 


physical properties of rock and of soil, the group felt optimistic about 


the succ ssfUl accumulation of sufficient infOrmation f'or a rational design 


of' under round structures. All were especially pleased by the report of 


I.Dotbourov on available geological to1"1118.tions. 
Once it becomes 


clear t 
t a particular geological configuration is desirable tor the given 


applicat on, it appears to be true that the site can be tound in nature. 
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IV. 
COMMI'f'.IEE REPORT OB STROOTURES RESPOJISE 


In this session four informal., but previously prepared papers, were 


given. 
Discussions were then directed to the topics of' the papers. A 


portion of' the remaining sessions was concerned with the discussion of' 


a series of' questions which wre previously prepared by the chairman. 


The first two papers discussed the responses of' a cavity in an 


elastic space which is subjected to an incident elastic wave. 


The first paper, by Dr. :Baron, deals with a cylindrical. cavity sub- 


jected to a constant-amplitude, incident stress wave carrying bi-axial 


stresses. 
Tbe problem is solved by superposition of' the stress field 


without a cavity and the stress field required to produce a traction-free 


cavity boundary. 
Computations are carried out by using the mode approach. 


lulllencal data for the n = 0 mode are given for an incident wave of con- 


stant a.Dg;)litude. 
The general method for higher modes is also given. 


The second paper, presented by Professor Freeman Gilbert, considers 


an approximate solution of elastodynamie ·diffraction and scattering pro- 


blems. 
This method is an extension of' the geometrical theory of diffrac- 


tion by Keller, 1958, and an extension of the first motion hypothesis 


(Knopoff and Gilbert, 1959). It depends on a modification of the usual 


laws of geometrical optics. 
From ray theory, modified to account for 


diffraction, the first ter.m in the asymptotic series representation of' 


the total solution to a problem can be deterJilinecl even if' the boundary 


shape of the scatterer is not a member of a separable coordinate system. 


The solution gives sufficiently accurate results for high frequency 


components near the wave front. 
To obtain solutions of the field behind 


the front additional terms of the series are required, and the method may 
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lose some of its advantageous features. 
On the other band, a special. 


advantage of the method is that it is suitable for the solution of 


diffraction problems around smooth convex cavities of shapes which are 


not coordinate surfaces of the system. 


The discussion of these papers centered around two main issues. 


First: can the ~roposed computations lead to useable m.erical. data in 


the near future? :Both authors were able to assure tbe group that D.UJDeri- 


cal calculations can be eDcuted without extraordinary tec:tmical diffi- 


culties in relatively short time. 


The second question was whether the assumption of an elastic medium 


as representing rock is tenable and real.istic. 


It was agreed that tbe elastic assumption will lead to a first approx:l.- 


:mation and that this problem must definitely be solved before other media 


can be considered. 
While some doubt vas eJC;pressed regarding tbe feasi- 


bility of' finding solutions for nonelastic cases, Gilbert suggested that 


his approach may be adopted w1 th liOditication to visco-elastic Jledia. 


The third paper, by M.r. Sillger, gave a SUIIIIII&l"Y of a study of' the vul- 


nerability of deep Ull4erground shelters in rock which ba4 been prepazed 


tor the Office of' Civil and Defense Mobilization. 
J'ree tieli data BDd 


crater dimensions are obtaiDed 'by asiNII.iDg spherical wave propagatioll, 


due to the application of' a pressure pulse to the surface of' a spherical. 


cavity in an infinite homogeneous, isotropic elastic mediua, (Selberg 1952). 


It is as8\Diecl that if' the center of' the sphere is located at an appropriate 


distance above the tree bounc1arz of' an elastic half space, the spherical 


waves in an infinite medium might approximate the actual tree field 


phe~na in tlae elastic half' space. 
The et:tect of the resultiDg stress 
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11aves on the cavity itsel.f is obtained from the static stress concentration 


tactors obtained by loading of an elastic plate containing a circular hole. 


l).yDamic photo-elastic methods are discussed, but the speaker stated that 


while these eJg?erilllents produce fringes similar to those of static tests, 


no estimates were currently available regarding the intensity of the princi- 


pal stresses from the ~c 
loading due to an incident plane wave. 


Bumerica1 computations have indicated that openings of about 35 feet 


dia.ter, placed at a depth of Boo feet below ground zero in strong rock, 


may be damaged by a surface burst in the kiloton range. 


During the discussions, the consistency and the appropriateness of 


the methods were questioned. 
The speaker stated that these computations 


are at best approximate, yielding only ord.er of magnitude infol'JII&tion. 


It was brought out, however, that a similar classified investigation con- 


ducted a number of years ago by American Machine and Foundry led to results 


which were comparable to the data presented. 


The next paper, by Dr· vane, concerned itself with the problem of 


repeated shots. 
He stated that 1110st structures will be of such nature tbat 


pressure ranges, under which they suffer no damage or total dama.ge, differ 


at most by a factor of two. 
Be further pointed out that tbe probability of 


e:x;periencing loads within a factor of two of the collapse load, considering 


CEP' s and overpressure decay rates, is small for multiple shots. A structure 


which will survive a single shot is very likely not to be affected by a 


number of equal or sufficiently lesser intensity load applications. 
Be 


concluded, therefore, that design for single shot survival was a reasonable 


procedure. 
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The discussion brought out that these computations are directly con- 


firmed by the inspection of the usual formulas which give the probability 


of kill assuming a standard distribution of the individual sh0ts, but that 


the conclusions are realistic only if none of the shots is of sueh intensity 


that it will produce residual stresses, that is, no yielding will oeeur. 


However if yielding should occur the stresses produced by turther load 


applications will be additive to previous residual stresses. This :Ls 


always the ease in statically indetel"'linate structures, and sinee the 


cavity itself must be considered as highly indeterminate, it may be 


advisable to set the vulnerability of such tUDD.els at a level whieh will 


insure that elastic stresses only will be produced. 
On subsequent dis- 


cussions by the three groups it was expressed that it may become clif'tieult 


under these assumptions to design UDdergNund twmels vhieh •¥ be located 


directly \lilder ground zero because of the estimated high intensit;y of the 


inceaing stress waves. 


Further discussion ensued on the problem of' failure meehanisas and 


failure initiation. It was the consensus of the group that at tae preseat 


t~ there is no suttieient theoretical or practical background to een- 


Jecture regarding the most realistic streDgth theery to be appliecl. 
T.llere 


was seme feeling that direct tension failures may be of sipitieant Ul;port- 


ance. It vas alae proposed that a realistic lo-wer bound may be o'btaiDeel 'by 


neglecting the tensile strength of' rock. 
This as81.Uirption is especially 


justifie4 if the presence of el.oaely spaced &Del scattered teuile cracks 


exist iDi tial.ly in the reek. 
During further 41scussion vi thin the thfte 


groups it vas proposed that it may be proper to design on the assumptioa 


that Det tension around the opeDing voulcl be zero. 
That is, the super- 
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position of gravity, tectonic and dynamic stresses due to the incident 


wave should, at most, produce zero tension around the cavity. 


The remaining parts of the session were devoted to a series of 


specific questions. 
The first set of questions were concerned With the 


effect of discontinuing nuclear tests. It was the opinion of the group 


that if nuclear tests are not to be conducted in the future the resulting 


loss of information can at least partia~ be replaced by intensified 


theoretical wrk, laboratory tests, and high explosive tests. It w.s also 


agreed that if nuclear tests are to be conducted, the selection of a more 


suitable test site more pertinent to the problem at hand, together With 


the explosion of multimegaton weapons alilould lead to tl:e most desirable 


tY,Pe of eJCperiments. 
On the otber band, it was felt that sma.ll-yiel.d 


kiloton tests or high explosive tests must be interpreted w:l. th a great 


deal of caution and should not be extrapolated to high yields by the usual. 


and rather crude scaling methods. 
The group also felt that the greater 


difficulties which are usually encountered in the instrumentation of sua 


tests and the im;possibili ty of conducting repeated explosions make the 


carefully controlled and measured laboratory experiments seem: quite 


attractive, aDd sufficient attention should be paid to these. 
Tbe secon4 


gl'OUjP of questions considered the t:y;pe o~ theoretica1 1Dvestiga.tion which 


should be practiced. Intensified investigations smuld be conducted both 


in elastic and nonelastic media to determine: stress and velocity fiel.da 


1D the neighborhood of the cavity; failure criteria and failure mechan1D8; 


effects of an elastic boundary in the cavity (i.e. linings); a.t. s.8IM:k 


effects on the content& of tUDBela· 
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It was suggested that these investigations, if possible, should be 


carried out numerically for an entire range of assumed peak pressures, aDd 


that this theoretical work should ultimately lead to a simplified engineer- 


ing method, or at least to the extensive tabulation of data suitable for 


design purposes. 


Tbe group also felt that while no specific consideration was given 


to phenomena occurring in soil these should not be neglected, and it has 


recommended that similar or parallel investigations should continue for 


this medium also. It was also agreed that in order to give maximum mean- 


ing to numerical computations it will be essential that these be accompanied 


by laboratory and field tests to test the reliability of the proposed 


theories. At the same time it was pointed out that currently a greater 


need eXists for the development of more suitable instrumentation. 


The next set of questions concerned itself vi th a series of design 


problems. 
The group has attempted to e:qlress its preliminary opinion or 


feeling at least on a number of questions which are very essential for 


engineering and current planning decisions, but which can only be accurately 


ans-wered after all previously proposed theoretical and experimental investi- 


gations have been concluded. 
With these qualifications the group was able to 


give only some very general guidance regarding these problems. 


It was felt that although theoretical investigations initially indicate 


that the intensity of the stress field around the boundary of a cavity in 


an infinite medium is independent of the size of the cavity itself, ~ 


practice it will be preferable to keep at least one dimension as small as 


practicable; i.e., in order to provide a required amount of floor space it 


will be preferable that this be provided in the form of an essentially 
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long tunnel, or several such tunnels instead of large dome-like excava- 


tions. 
~s approach is also s.pecified by certain geological considera- 


tions, inasmuch as it appears likely that the type of construction suggested 


above will be more easily located in horizontally bedded sound rock strata. 


The next question considered was the depth of these proposed tunnels 


or cavities. It was felt, as expected, that deep tunnels will be prefer- 


able to shallow ones, provided that gravity pressure and tectonic stresses 


are taken into consideration. 
These seem to put a definite limit on the 


depth at which these structures can be built. It was also felt that the 


effect of shock will less likely be of importance at greater depth. 
On tae 


other hand, it was telt that the shock effects could be dealt with by 


suitable shock mountings. 
The *rade-off betwen the use of s:t»ck mountings 


and greater depth of overburden is probably one of econo.y. 
In connection 


with these tw problems, the group tel.t very strongly that each installatioa 


s•ul.d be custom built, and consequently the preparation ot staDdard :pl.ans 


should be avoided. 
Each site needs to be carefully and separately investi- 


gated, and the size and depth of each tunnel and cavity should be dete:raiaed 


1Dd1 vidual.l.y. 


The next questiOD vas that ot the spacing of tunnels. 
SiDce the only 


information currently ava.ilabl.e was that of static fiel.ds around opelli.Dgs 


it vas suggested that, baaed on this evidence al.one, the spacing of t\umel.s 


shoul.d be at l.east one ~ter and prefera'Uy more, e~~peci.al.ly it the 


material. around the tunnel.s is e2pected to be subJected to stresses -which 


exceed yiel.d strength. 


Considerable attention vas pa.id to tllle cross sectioD&l. sha;pe ot t\l:lmel.s. 


The group essential.ly tel.t that the eTid.ence of certain static tests seeM4 
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to indicate that the actual shape of the tunnel doesn't have a great in- 


:fluence on the intensity of the stresses around the boundary. 
On this 


basis it was felt that generally rounded cross sections should be preferred. 


During further discussion w1 thin the three groups the opinion was expressed 


that, due to effects of reflection and retractions from layers below the 


bottom of the tunnel, it may become advisable to provide a round cross sec- 


tion around the bottom of the cavity itself, and the use of round or 


elliptical tunnels with the major axis vertical seems to have found favor- 


able reception. 
On the other hand, considerations of static stresses and 


residual tectonic stresses again indicate that individual decisions must 


be made in each instance. 


The next question concerned itself with the usefUlness of tunnel linings, 


either independent of the tunnel wall or directly connected to it. 
The group 


:felt that at the present time it is not able to determine tbe advantages and 


disadvantages o:r this t;ype of construction, and this problem needs to be 


investigated in detail. It was :felt that since the solution of a cavity 


with an elastic boundary in an acoustical medium has been worked out already 


(Baron, 1958) an extension of this work to an elastic medium appears to be 


feasible. 


The group was unable to give specific guidance regarding the pre- 


ferred t:y;pe of medium in which tunnels should be placed. 
There was even 


disagreement regarding the advantages which may be obtained in either one 


of the two extreme cases considered, namely that of strong rock or soft 


soil. 


It was felt that in connection with construction of large underground 


cavities, speci:fic attention should also be paid to the vulnerability of 
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utilities aDd that the engineering problems connected with construction 


methods sbould alao be caretully consiUrH.. 
'fhere seems to be a need 


for the consideration of special and iDgenious methods of construction aDd 


imaginative design solutions which may alleviate some of the problells that 


show ~ in the consideration of structures protected by rock. 


SOME COMMENTS ON THE WAVE PROPAGATION STUDY GROUP 


Samuel M. Genensky 
The RAND Corporation 
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I deeply appreciate this opportunity to examine the pro- 


ceedings of the Wave Propagation Study Group. 
I had hoped to 


participate actively in its discussions and deliberations, but 


an unexpected illness made this impossible. 
I am indebted to 


Dr. Douglas R. Anderson of RAND for having the content of its 


sessions both taped and recorded. 
I would like to thank Dr. 


Anderson and Dr. Blaine R. Parkin, also of RAND, both of wham 


participated in this study group, for their comments and sug- 


gestions. 
These gentlemen also assisted me by explaining 


certain drawings and blackboard sketches which could not be 


clearly understood from acquaintance with the audible record 


alone. 


One of the most interesting portions of the Wave Propa- 


gation meetings involved the presentation of drawings by 


Mr. Robert L. Loofbourow of geological formations which might 


be worthy of consideration as possible sites for deep under- 


ground construction. 
In these drawings Mr. Loofbourow indi- 


cated various kinds of cover that might be expected to provide 


unusually fine protection for an underground installation 


against the effects of surface bursts in the megaton yield 


range. 
While I agree with my distinguished colleagues that 


in the light of our present knowledge, it is impossible to 


make a judicious choice from among these possibilities, I 


believe that valuable infor.mation can be obtained from laboratory 
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tests performed upon models which simulate as closely as pos- 


sible these geological configurations and others that might be 


of interest but were not specifically mentioned. 
I am tully 


cognizant of the fact that most geological materials are in- 


herently non-linear, and hence extrapolation from models of 


such media to full scale is both a difficult and hazardous 


task. 
Nevertheless, many of Mr. 
Loofbou~ow's suggestions are 


not amenable to mathematical analysis at this time and hence 


can not be evaluated in even a qualitative manner except by 


experimental techniques. 
I do not regard such an experimental 


approach as being any less sound than that taken by the engineer 


in analyzing a problem by the methods or classical elasticity1 


when in fact a more complicated set of constitutive relations2 


may govern the materials with which he is concerned. 
However, 


1A classically elastic material is a medium governed by 
the equations 
(i, j, k, J = 1, 2, 3) 


where tij are the components of stress, ekJ are the components 
of strain and cijkJ are a set of 81 constants. It can be 
shown from the symmetry of the stress tensor, the symmetry of 
the strain tensor and energy considerations that at most 21 
of these constants are distinct. Further, for an isotropic 
classically elastic material, only two of the cijkJ are distinct 
and the governing equations may be written as 
tij = AekkSiJ + ~eij 
(i, j, k • 1, 2, 3) 


where SiJ is the Kronecker delta and A and~ are the first and 
second Lam~ constants. 
2constitutive relations are the equations which characterize 
a particular continuous medium. 
In order to solve boundary value 
problems involving the particular medium, it is necessary that 
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in both these instances it is absolutely imperative that the 


limitation of the results obtained be fully recognized and 


readily admitted. 


This study group was particularly impressed with two of 


Mr. Loofbourow's proposals, namely (1) placing the installation 


in competent rock below a glacier and (2) placing it in can- 


petent rock below an abandoned mine or planned excavation. 
In 


the former case, it was pointed out that many glaciers are 


primarily composed of snow and hence contain a large portion 


of entrained air. It was felt by many in the group that this 


interstitial air might provide a mechanism for absorbing a 


considerable portion of the energy released by a nuclear burst 


in addition to that which would be absorbed in vaporizing the 


glacial snow. 
While this proposal appears to have merit, it 


may also have serious drawbacks. 
For example, (1) the impedance 


mismatch between air and glacial snow may be much smaller than 


that between air and hard rock such as granite, hence a greater 


portion of the energy released by a nuclear weapon might be 


expected to pass into glacial snow than into hard rock; and 


(2) unless the glacier is extremely thick there is reason to 


believe that its effectiveness as protective cover may be lost 


after a single explosion. 
In the latter case, the group agr~ed 


its constitutive relations, together with a continuity equation 
and equations of motion (and possibly an equation of state, 
an energy equation, electro-magnetic equations, etc.), form a 
complete and consistent system. 
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that the blast from an atomic weapon would be considerably 


reduced by the presence of an abandoned mine or planned ex- 


cavation located between the surface and the underground 


facility. 
Although not speeifically stated, their conclusion 


is based upon the following reasoning: 
Initially, a blast 


wave progresses through rock as a compressive wave until it 


encounters a surface of discontinuity, e.g., a boundary be- 


tween two dissimilar rocks or a boundary between rock and air. 


If we exclude the first type of interface from our considera~ 


tions, as not appreciably affecting the conclusions, we see 


that the compressive wave progresses with same attenuation 


due to expansion and to the anelasticity3 of the medium, until 
it encounters the roof of the mine or planned excavation. 
At 


that interface it is expected (although this must be demon- 


strated either analytically or experimentally) that very little 


energy will be transmitted across. the air space to the floor 


of the excavated region. 
Hence the bulk of the energy will be 


carried back toward the surface of the ground as a tensile 


wave. 
However, since the maximum compressive strength of most 


rocks is much greater than their maximum tensile strength, for 


very intense blast waves the rock can be expected to fail and 


hence spalling from the roof of the excavation is likely to 


occur. 
I join with those members of the group who felt that 


3An anelastic medium is one for which strain energy is 
not conserved. 
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such an excavation can be expected to provide adequate pro- 


tection against repeated attacks. 
However, I strongly suspect 


that a properly planned excavation is preferable to an abandoned 


mine, because in the former case, control can be exercised over 
its location, shape and size, so as to provide the underground 


installation with maximum protection. 


During the first session held by this group, it became 


apparent that two schools of thought existed concerning the 


analytical approach that should be taken in solving problems 


involving wave propagation through rocks and soils. 
On the 


one hand, there were those who felt that these media should 


be regarded, at least initially, as being classically elastic. 


They argued that if this assumption were made then powerful 


analytical tools were available, such as superposition and 


reciprocal theorems, which can be employed to solve both 


simple and complex problems. 
They further argued that such 


results would be valid at large distances from the crater 


caused by a nuclear burst, though they probably would be of 
little value in the neighborhood of such a crater. 
On the 


other hand, there were those who felt that soils and rocks 


are inherently anelastic media and hence must be represented 


by constitutive relations which incorporate a mechanism for 


dissipating strain energy. 
They were supported in their 


stand by the fact that experiments have been performed using 


high-energy explosives which show conclusively that the in- 


tensity of a blast wave passing through rock decreases with 
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increasing distance r from the point of detonation as l/r2 


rather than as 1/r. Further, the stresses produced in these 


experiments lay in what should be expected to be the elastic 


range, therefore proving conclusively that it is unrealistic 


to characterize such rocks as elastic media. 


I am very much aware of the fact that one's technical 


training and experience influence one's views in these matters. 


However, even taking this limitation into consideration, or 


falling victim to it, I must conclude that those favoring an- 


elastic models have the weight of evidence on their side. It 


is all well and good to say we will consider a material to be 


elastic, because by doing so we can solve some· "interesting" 


problems. 
Unfortunately, if the material with which one is 


dealing is not characterized by a linear relationship between 


the components of stress and the components of strain, all the 


wishing in the world won't make it so. 
Admittedly, it is often 


much more difficult to solve problems in which the material is 


thought to be, say, plastic or visco-elastic, but if it should 


prove necessary to utilize such models (and from listening to 


the proceedings this appears to be the case) then we should 


be willing to exert every effort to carry out the required 


analysis. 


During the afternoon of the second day of this group's 


deliberations much time was devoted to discussing the experi- 


mental aspects of wave propagation through geological media. 


Since I am not an experimentalist by training or experience, 
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I do not wish to attempt to evaluate in detail the results or 


those deliberations. 
However, it was clear from the tapes and 


recordings that strong differences existed as to what ought 


to be measured and how and where the measurements ought to be 


made. 
It seemed to me that the only point or agreement that 


existed among the participants concerning these issues was 


that no agreement could be reached at this time. 


However, while listening to these lively discussions the 


following question came to mind: 
We do not know the consti- 


tutive relations that characterize rocks and soils, and hence 


how can we make an intelligent seleetion from among the mathe- 


matical models currently available? Unfortunately, the answer 


to this question is that we can't, except perhaps to decide 


between models for which strain energy is conserved and those 


for which it is not. It thus seems evident to me that there 


exists an urgent need for careful experimentation to determine 


the constitutive relationships that characterize the rocks and 


soils with which we are most concerned. 4 
We could then intro- 


duce these relationships into the equations of motion (and any 


supplementary equations we may need such as an energy equation) 


and with the continuity equation (and possibly an equation or 


state) could attempt to solve the various important boundary 
4It should not be construed that I feel that a single set 


of constitutive relations exists -ror all rocks and soils. 
On 
the contrary, I reel that a group of rocks or soils may be 
represented by a single set of such relationships, but that 
another group of rocks or soils may obey an entirely different 
set of equations. 
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value problems. 
Professor Drucker describes such problems 


in his summary or the wave propagation meetings. 


I am fully acquainted with the tremendous difficulties 


that would exist in trying to solve these problems even if we 


were to employ digital and/or analog computers. 
However, I 


feel that the value of the results obtained from such an in- 


vestigation would greatly outweight the investment in time and 


effort that would be necessary to achieve them. 
Furthermore, 


not only would these conclusions be or enormous value to the 


study of deep underground construction, but they would also 


find important applications in theoretical mechanics, geology 


and both civil and mining engineering. 


I do not wish to leave the reader with th~ impression 


that I disapprove of analytical studies of wave propagation 


through rocks and soils at this time. 
On the contrary, I 


feel that we should solve as many of the important problems 


as possible using the vario•s anelastic models that are cur- 


rently available. 
The results obtained from such investigations 


would give us valuable qualitative information concerning wave 


propagation through those materials, and once the constitutive 


relationships have been determined for these media, the analyt- 


ical findings would be open to quantitative evaluation. There- 


fore, I strongly urge that both experimental and analytical 


programs be supported, tor only in this way can we ever hepe 


to achieve a clear understanding of the mechanics of wave 


propagation through geological materials. 
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AN INFORMAL PROGRESS REPORT ON SOME THEORETICAL INVESTIGATIONS 
ON THE WLNERABILI'l'Y OF DEEP UNDERGROUND OPENINGS IN ROCK 


Paul Weidlinger 
Consulting Engineer 


Tbe following report represents a brief summary of the results obtained 


on investigations of underground pbenamenology by: 


M. L. Baron, Chief Engineer, Paul Weidlinger, New York; Columbia University 
R. R. Bleich, Columbia University (Consultant) 
F. L. DiMaggio, Columbia University (Consultant) 


A. T. Matthews, Engineer, Paul Weidlinger, New York 
Paul Weidlinger, Consulting Engineer, New York 


IRTRODUCTION 


Tbe determination of the vulnerability of deep underground openings 


or tunnels presents a number of difficult practical and theoretical problems. 


Before the engineering design can be handled a fairly detailed understanding 


of the physical phenomena is essential, since practical experience on the 


behavior of openings under nuclear blasts is not available. It is erroneous 


to draw conclusions from the static behavior of mines and tunnels under 


gravity loading, and reasoning by such analysis may be extremely misleading. 


Limited experimental data based on HE tests are available, but the interpre- 


tation of these results is made equally difficult without full knowledge of 


all phenomena resulting from blast loading. 


On the other hand, theoretical work also has many obstacles because of 


the nature of the problem. In order to advance these investigations, numerous 


simplifying assumptions need to be made, with the hope that the influence of 


the assumptions 011 the actual behavior can later be included or at least 


estimated. 
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Simplifying Assu.ptions 


The rock is assumed to be an ideally elastic 1 homogeneous and 


isotropic semi-infinite medi~. Regarding this assumption the following 


comments can be ade : 


1. Same roeks can be considered elastic and most rocks can be 


considered homogeneous 1 but there are nUJDerous materials which show a 


distinctly inelastic or anelastic behavior. 
ResUlts obtained by elastic 


analysis will not apply to these latter types of materials or at best they 


will be approxiate. 


2. Sedimentary rocks are distinctly anistropic. 
To these 1 the 


previous c0111ents apply. 


3· Stratification need not invalidate theoretical investigati~ns 1 but 


the influence of layering will considerably increase and complicate numerical 


computations. The presence of extensive rock faults has similar implications. 


4. Ordinarily, it is assumed that the boundary of the semi-infinite 


space is plane. In mountainous areas this assumption is obviously not 


realistic. 


5· The medium is initially not stress-free. 
'l'he effect ot a super- 


iJiposed gravity and tectonic stress field does not present basic theoretical 


difficulties, but establishment ot the actual intensity and distribution o:t 


tectonic stresses is questionable. 


6. AsslliiiP'tiou need to be made also regarding the location and shape 


o:t the opening itself. !heoretical results can JDOSt easily be o'btaine4 :tor 


eyl1nclrical &D4 spherical openiDp. Most ecta&l erose sections c&D 'be 


approx-.ted in this .maer. Ilmtstip.tions o:t' C>'tMr specific cross-sectional 


abapes 'M.7 be -veey difficult. 
'l'he e:t:tect o:t' the bOWldary in a seai-in:tinite 
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space also increases the difficulties, but it may be shown that openings 


which are a few diameters below the surface can be treated as if they were 


located in an infinite space. Such investigations, however, will not be 


applicable to shallow-depth tunnels and entrances. 


7• 
In same instances it is desirable to provide lining to tunnels. 


The problem of an elastic lining is susceptible to analytical treatment. 


The question arises whether these simplifying assumptions will not 


restrict the applicability of the result, and be of very limited use only. 


The answer, of course, is that initial progress, in view of the urgency of 


the problem, needs to be made in the direction where even a limited success 


is at least .meaningful. 
Seismological investigations, which are based on 


the assumptions listed above, seem to give answers which are at least partially 


verified by measurements. Theoretical work needs to be supplemented by 


laboratory and field measurements 1 and be extended in the direction of more 


realistic and complex assumptions. 
In the meantime it turns out that the 


"simple" elastic half-space assumption offers formidable theoretical and 


computational difficulties. It is clear that before other details are 


considered the simplest theoretical case must be fully understood. 


Statement of the Problem 


The surface of a semi-infinite half-space is subjected to a point 


source explosion which applies a time-decaying expanding pressure wave to 


the suri'ace. 


In the neighborhood of the source the assumption of elastic behavior 


cannot be maintained and consequently such investigations may yield at best 


an approximate determination 2f. ~ 
crater ~· Similarly, the effect of 


the transit through the plasticized material will immediately modify the 
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character of the disturbances. It can be assumed that at some distance 


outside the crater the elastic assumption is again tenable. 


Since elastic space is doubly refracting, both transverse and longi- 


tudinal stress waves will be produced which by interacting with the surface 


will give rise to complex wave patterns. 
The determination of these will 


provide information on the essential free field phenomena. 


The waves generated by the source interact with the cavity itself. 


Determining the stress field and particle velocities in the neighborhood of 


the cavity constitutes the interaction pQenomena of the problem. 
These 


investigations also yield significant information regarding the effects of 


the blast on the contents of the tunnel by supplying information regarding 


the acceleration and rigid body motion of the entire opening. 


Depending on further assumptions regarding brittle or inelastic 


behavior, knowledge of the above will lead to the establishment of the 


failure mechanism of the opening. In the case of unlined cavities, detailed 


knowledge of the failure mechanism may not be essential and the establishment 


of failure initiation criteria may be sufficient for practical purposes. 


DYNAMIC RESPONSE OF AN ELASTIC HALF SPACE TO A CONCENTRATED VERTICAL 
FORCE ON THE SURFACE 


The problem under consideration is illustrated in Fig. 1 in which R, 


¢ are spherical coordinates, h(t) is the Heaviside step fUnction and u is 


the displacement at an arbitrary point. This displacement function is 


obtained using existing solutions and the dynamic reciprocal theorem of 


elasticity. 


BYnamic Reciprocal Theorem 
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Consider a finite elastic body whose principal modes 8Dd natural 
,_, 
frequencies are denoted by ~k(P) and 01k' respectively, where~ is a "Vector 


and P represents an arbitrary point in the body. 
~t a concentrated force 


~1g(t) act at a point P1 of the body initially at rest. Then the displace- 


ment at point P 2, denoted by~ (P 2, t) is given by 


u1 (P2, t) = L qk(t) ~(P2 ) 
(1) 
k 
in which 


(2) 


(3) 


For a body initially at rest, the solutions of Eq. (2) are 


t I 


g(1')sin"k(t - -r)dt' 


0 


(J,.) 


which, when substituted into Eq. (1), give 


_, 
- 
- 
t 
- 
~ fl • ~k(Pl) ~k(P2) f 


~ 
(P2, t) = 'Jt 
M)t wk 


0 


g(1' )sinl»k(t - 1)dT 
(5) 


If a force t~(t) acts at point P2, it similarly produces a displace- 


t 
~ g(~)s~(t - 
~)dT 
(6) 


0 


Caaparing Eqs. (5) 8Dd (6), it is seen that 
,.., 
,.., 
,.; 
,.., 
t 2 • ~(P2 
, t) = t 1 • ~(P1 
, t) 
(7) 
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Equation (7) is a general statement of the dynamic reciprocal theorem. 


Although demonstrated for a finite elastic body, Eq. (7) holds for 


an infinite body as well, since it is always possible for a finite time, 


t, to choose a finite volume out of the infinite body for which modes and 


natural frequencies exist. 


Application of Dynamic Reciprocal Theorem to Problem Under Consideration 


Using an electronic computer, Pekeris and Lifson have obtained curves 


for the vertical displacement, Wp(R, f/J, t), at the surface of an elastic 


half-space caused by a vertical concentrated force h(t) acting in the 


interior (see Fig. 2). 


Using Eq. (7), it is seen that 


W (R, t, ~) = uz(R, t, f/J) 
(8) 


~ 
where uz is the vertical component of u in Fig. 1. 


Using methods similar to those of Pekeris and Lifson, it is possible 


to obtain curves for the vertical displacement, Wc(R, ~~ t), at the surface 


of an elastic half-space caused by a horizontal concentrated force h(t) 


acting in the interior from the formal expressions for those obtained by 


Cbao. 
Referring to Fig. 3 and using Eq. (7) again, the horizontal component, 


ur, of u of Fig. 1 may be obtained as 


u (R, f/J, t) = W (R, ~,t) 
r 
c 


Preliminary Results 


(9) 


Using the curves obtained by Pekeris it is possible to construct the 


wave pattern for the loading of Fig. 1 when Poisson's ratio is 1/4. This 


is illustrated in Fig. 4 in which r, z are cylindrical coordinates, c is the 


velocity of propagation of shear waves and P, S and SP denote a dilata~ional 


I 


wave front, a shear wave front and a "head" or .Mach wave front respectively. 
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For angles less than r/J 
1 the SP wave does not appear. It may be :fUrther 
c 


determined that: 


1. At the P front, the displacement bas a finite amplitude less than 


that which would occur under a statically applied load. 


2. 
When the SP wave arrives, its amplitude is zero. 


3· 
The character of the S phase depends on r/J. 
For r/J < r/J 
1 the 
- 
cr 


arrival of the S wave is marked by a finite jump in vertical displacement 


while for r/J > r/J 
1 there is a logarithmic infinity in the displacement. 
cr 


4. For Y/z > 10 (r/J > 84°) 1 a marked increase in vertical displacement 


occurs in the vicinity of ct/R = 1/2 j3 + /3 = .9194, which corresponds 


to the velocity of propagation of Rayleigh surface waves. 
On the surface 


the Rayleigh wave has infinite displacements at its front. 
In Fig. 4, the 


region of these high displacements is labled R1 but except on the surface, 


no separate wave front exists there. 


In Fig. 51 vertical displacements for a few values of -r /z are plotted. 


Note tbat for large values of ct/r, the displacements approach their static 


values. 


Response for Exp&Dding Load 


By integration, the response due to a circular expanding load may be 


obtained from that due to a concentrated force. 
~is integration will 


yield displacements which do not have the unrealistic infinite discontinuities 


which are present in the case of the concentrated force. 


A practical procedure for obtaining both stresses and displacements 


when the applied pressure is an arbitrary function of space and time is 


presently being formulated. 
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INTERACTION OF PRESSURE WAVES WITH A CYLINDRICAL CAVITY IN AN INFINITE 
ELASTIC MI!:DIUM - BRIEF OUTLINE 


General statement of Problem 


Once the tree-field stresses are determined, the problem becomes one 


of determining the stress, velocity and acceleration response of the medium 


at and near a cylindrical cavity which is enveloped by ~ves with spherical 


wave fronts. For cavities at a large distance from the-surface burst, the 


spherical wave may be replaced by a plane wave carrying press~ in two 


directions as shown in the sketch. 


~ 
pressures in the incoming wave will be taken a8 step fUnctions in 


time. Once the free-field stresses are known, the response of the cavity 


to incaaing pressure waves with the correct decay in time can be evaluated 


:f'rca the results for the step distribution by means of Duhamel integrals. 


EU 
---- 


The value of E is a positive or negative 
number depending on the loading and 
position of the tunnel. It is to be 
determined from the tree field informa- 
tion when available. 


Problem of the Uhlined Cavity in Homogeneous, Isotropic Rock under 
l?yDamic Pressure Loading 


~ 
problea is to be solved by superposition of the stress field 


without a cavity and the stresses due to required tractions which will 


make the cavity boundary surface traction-free. 


A. 
e or a wave with 


ct rr 
I= 
- 
cr(cos2t - 


EU 
2 
- 
C1 
= - 
a (sin '6 - 
88 


y 
a 
_ a(l+E) in2B 
r9- 
2 
s 


R-341 
3-26-59 


933 


saure c 


Esin28) 
(1) 


E,cos2B) 
(2) 


(3) 


B. Supel]?osition o'f equal and opposite tractions on the bou!!dary o't the 
cavity to make the boundary traction--tree. 


X 
u rr = u [ cos2 8 -E sin2 8] 


Tension + 


(4) 


(5) 


Expanaion o'f u 
and u. 8 into :Fourier Series: 
· 
rr 
r 


a = cos -l(l - cit/a) . 
(6) 


Ci. 
(X) 


u 
= : 0 (t) +La (t)cos n6 
(7) 
rr 
n=l n 


(X) 


u 8 = L b (t)sin n8 
(8) 
r 
n=l n 


2a 
DQring Envelotmaent t ~ ci where ci = velocity o'f propagation ot ahcek 


wave across tbe shelter: 


2 a(t) 
a = - r u 
cos n 8 d 8 
n 
rr )0 
rr 
· 


(9) 


u rr traa Eq. (4) 


*a.(t) is used to s~lize the unit step fUnction. 
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a (t) 


bn = ~~ Ur{J sin nB d8 
0 


u rB from Eq. (5) 


2a 
t<- 
-c i 
During Envelopment 


(10) 


(11) 


a (t) - 
2 u 
n 
-7T(n+2) 
[sin na (eos2a- e sin2a) + (~~=)sin(2-n)a + ( 
1~•)oin 112) 


n ~ 2 


2o- [ 
2 
2 
(l-e)sin2a] 
a2(t) = r;n. (l+E) a + sin2a(cos a- Esin a) +.-____,2,---~ 


b (t) = _ !!._ r(l+E)] [ sin(2-n)a - sin(2+n)a] 
n 
27T L 
2 - n 
2 + n 


After Envelopment 


a 


0 
-(-1-E) 
2;; v 
2 


a (t) = 0 n ~ 2 
n 


2a 
t > c 
(a=7T) 


n ~ 2 


(13) 


(14) 


(15) 


(16) 


(17) 


(18) 
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b (t) = 0 
n ~ 2 
n 


Curves of the input functions of Eqs. (11) through (20) are shown in 


Fig. 6. 


(19) 


(20) 


Equations (11) through (20) serve as input functions for enforcing 


the condition of zero boundary traction on the cavity surface at r = a. It 


may be noted that only the modes n = 0 and n = 2 have components a (t), 
0 


a2(t) and b2(t) after enveloiJDent time and thus contribute to the long 


time solution (through poles at zero in the inversion of the integral 


transform). 


C. 
Plan ot attack: Problem ot a cylindrical cavity in an co elastic mediUil 
(plane strain) • 


Tbe assumption of an infinite medium is good for deep cavities 


during a time of order t = 2 Depth/ c L • 
The problem is to be solved by 


superimposing the tractions of Eqs. (11) through (20) on the cavity 


boundaries. 
fbe· superposition of these results on the results of the tree 


field with no cavity give the required solution for stresses, velocities, 


etc. 
The procedure outlined above leads to the following problems, .defined 


by n, nUilber of circumferential waves 1D Q direction. 


n=n 


CT rr = a (t)cos n8 } 
n 
n 


CFrft = bn(t) sin n8 
(21) 
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n=O 


_ 
= a (t) 
..., rr 
o 


0 


Ur8 = 0 
0 


(22) 


To facilitate c<JQUtations and get results which can be applied generally, 


tbe inputs will be considered as step pulses: 


urr = uu(t)cos n8 
n 


CTrB = k uu(t) sin n8 
n 


CT 
= uu(t) 
rr 0 


(23) 


(24) 


where k is used to indicate the portion of the solution due to the shear 1 


CTr8 ~ on the bomtdary. 
The results obtained using step fUnctions will serve 
n 
as inf'luence coefficients; once these influence coefficients are known, the 


results for auy arbitrary function f(t) can be obtained using a Duhamel 


integral. Por eXU~ple1 suppose the hoop stress cr88 (t) vas desired due 
. 
n 


to the inputs of Eqs. (J.l) through (20): It the problems for the step 


tunctions were so1Ted1 


{ 


CTrrD = 1 cos n8 


CTr8 • 0 
D 
- 


a(t) 


CTrBn = 1 sin nB u(t) 
1 


* 
gives uee = u ee (t) 
.. 
n 
n 


(~) 


(26) 


Then the result for uee n due to the inputs 


rr 
n 
(j 
= a ( t} cos n e } 


""rB: = b 0 (t) sin n8 


is obtained from the Duhamel integral: 


t 


"880 { 
[ ;.0 (r)ci'880 (t-r) + b0 (r) <T ;;0(t-r) J dr 


Other quantities of interest can be obtained in a similar manner. 


Quantities of Interest to be investigated include: 


1. Hoop stress u 88 at boundary of cavity. 


2. 


3· 
4. 


5· 


Hoop stress u88 away from boundary. 


Direct etress (radial} u 
away from cavity. 
rr 
Velocities, ; 
and v of boundary of cavity. 
n 
n 
Rigid body translation and acceleration in the mode n = 1. 
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(27} 


(28} 


T.bis mode governs the shock loading received by the installations within 


the cavity. 


D. 


The displacement equations of motion may be written as 


where 


ul = w ( r' e' t} lkr + v ( r' e ' t} lk 8 


For the Plane Strain Problem, 


(29} 


(30} 


E 
- 
W 
E 
- ! 
V 
+ 
~. E 
= ! [ V 
- !. + ! W 
] 
(31} 
rr - 
r' 88- r 
8 
r' 
r e 
2 
r 
r 
r 
8 


Note: Subscripts on displacements and potential functions indicate differentiation. 
For example, 
a 2u 
urr = a r2 
etc. 


E ZZ - 
E z8 
- Ezr 
= 0 


o- 
=AV7·ul 
rr 
0" 
= 0 
rz 


a-88 = A v. u1 
(32) 


We define two potential functions, ¢ (r, Q1 t) and o/ (r, Q, t) such that 


u = 0 


where: 


and 


(33) 


(34) 


(35) 


(36) 


(37) 


~ = A + 2 J1- 
rt_ = t= 
(38) 
1 
p 
I 
2 
p 
It may be noted that the dilitation, V • ul = V 2¢ and the rotation 


'V X ul = - 'V 2 t/f 
(39) 


Using a transfo~ in time: 
co 
f(r, 8, .0.) = h J f(r, 8 1 t)e·i.O.t 


0 
<X>-iy 
i.O.t 
f(r, 8, t) = J 
t(r1 8 ,.O.)e 
-co-i y · 


and letting 


J(r 1 8 1 .Q,) .,. sr ( r 1 .Q,) COB n 8 


dt 
(4<>) 


d.O. 
(41) 


(42) 


lji'(r, 8 ,.0.) = ~ (r, .0.) sin n8 


Eqs. (36) and (37) become 


1 
.r)2. 
2 - 


~ 
+ - 
~ + ~.!f;:;- - !!._) ¢ = 0 
rr 
r 
r 
c2 
2 
1 
r 


·- 
1 
{[ 
n2 
- 
\l'rr + ro/r + (c2 - 2) 'II= 0 


2 
r 


For outgoing waves 
Note: 
Hn(2 ) (~r)~e-iCr as 
~r >>>. 


~(r, 8, .0.) = A H (2 ) f}.Cr)cos n8 
n n 
1 


and 
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(43) 


(44) 


(45) 


(46) 


,;;(r, 8, .0.) = B H ( 2 ) fJF) sin n8 
~ 
n n 
c2 
(47) 


where Hn (2 ) is the Hankel Function of the Second Kind of Order n. 
The 


eoef'f'icients A and B are evaluated f'rom the boundary conditions of the 
n 
n 
· 


applied tractions:.o-rr and a-r 8 on the boundary on the cavity. 


Detenaination of' the Boundary Conditions 


The stresses o- 
and (j e are given below in terms of' ¢ and 'II: 
rr 
r 


(j 
= 
rr 
(48) 


Using the notation of' Eqs. (42) and (43) and applying the transform Eq. (4o), 


(j 
c: n8 =(A+ 2pJ ~rr +A [ 
2 J 
~ 
J 
l 
n 
- 
n- 
n 
- 
r ~r - r2 ¢ + 2 fL r 'i'r - r2 "' 
(50) 
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-ure 
sin n8 = 


Tbe boundary conditions become: 


= u u(t)cos n8 


= kuu(t)sinn8 


or, applying Eq. (4o), 


= 
r = a 


= 


ucos nB 
27Ti.Q 


ku sin n8 
27Ti.Q 


(51) 


(52) 


(53) 


(54) 


Using Eqs. (46)1 (47), (50) and (51), and substituting into Eqs. (53) and 


(54), the coefficients A and B can be evaluated as: 
n 
n 


u a2 
k o-a2 


A = 27Tifl,J.L 
B + 27TihfLE 


n 
FB +DE 
(55) 


2 
2 
o-a 
kua 


B = - .27Ti.Q. !J- D + 27TiTIJL F 
n 
FB + DE 
(56) 


where 


F = H (2 ) 
(~) [2n(n+l) - 3f?] -.a! H 
(2 ) 
({) 
(57) 
n 
n-1 


E = H (2 ) t 1!) [2n(l+n)] - 2n cl ! H 1(2 ) t 1t) 
(58) 
n 
c2 
c2 
n- 
c2 


D = Hn (2 ) (~) [ 2n(n+l) J - 2n ~ Hn-l (2 ) 
(~) 
(59) 


C 
C'2' 
C 
C 


B = H (2 ) (...!~) [- 2n(n+l) + ~ 
2 


2 ] + 2...! !' H _1(2)(..!!) 
(6Q) 


n 
c2 co. 
c2 
c2 
n 
c2 


and ~ (r, e 
I .Q) and,;; (r, e I .Q) are given by Eqs. (46) and (47). It should 
n 
'f'n 


be noted that when terms involving k are set = 0 and u = 1 1 the problem 
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defined by Eq. (25) is considered; when terms not involving k are set = 0 


and kO"= 1, the problem defined by Eq. (26) is considered. 


Determination of the Hoop Stress o-88n for any n 


Noting that 
- 
CT= 
and 


o-99 
[ 
1 
n2 
J 
[ 
2 
1 
] 
?I==\. 
;r 
+ - ;r 
;r 
+ 2 lL 
- nr2 ;r - 
!!.r '''r + -r rrr + rn2 -;;; 
cos n 0 
~ 
Yrr 
r Yr - :2 Y 
r 
Y 
~ 
Y- 
y 
. 
r 


For ). =I-'- 
i.e., Y = l/4 


[ 
3n 
2 
2n 
2n 
] 
u 8 8 = 1-'- cos n e ~ ~. + ~ rr - r2 ~ - r 
'i'r + r2 ~ 


Eq. (63) upon substitution becomes: 


CT88 
cos n8 
__ 
n = 27Ti.{l 
cr 


cos n8 
27Ti.Q 


FB+DE 


(61) 


(62) 


(64) 


where all derivatives are taken with respect to their argument. 
'lhe value 


of u 88 is then obtained by the use of the inversion integral: 


D 


u 88 (r, B' t) 
ro -iY 


n 
l 
J 
G (r,!) 
(J 
= 27Ti 
D e 
e 


-ro-iy 


i{ct/ 


a 
~ cos n8 
(65) 


The inversion integral of Eq. (65) contains two parameters, r the distance 


out fraa the center of the cavity and t, the time. 


cr 
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For the case of cr 88] 
, the hoop stress at the boWldary of the tWlnel 
r =a 


is given by 


(66) 
-craan 
cos nB 
= 
cr 
27Ti.Q 


and 


88n = 1 
cr 
27Ti 
- CX>-i y 


In addition to hoop stresses at and in the neighborhood of the cavity, 


the radial stress cr 
and the velocity field are also of interest. 
rr 


Inversion of Integral--Eq. (67) 


The integral of Eq. ( 67) is inverted over the following contour: 
iy 


Pole 
a+bi 
X 


Same General Remarks on the Inversion Integral 


R-341 


}-26-59 
943 


1. 
Integral on Paths (1) and (5) ----o as R --•--0for all n. 


2. 
Branch Integral--the integration over Paths (2) and (3), has been 


set up for any n. 
This requires numerical integration by computer. 
Work 


is preceding on n = 1, 2. 


3. Point ( = 0 is both a branch point and a pole, in general. 
The 


integral over Path (4) will thus contribute an amount to 'Ben' the value 


being dependent on the pole at ! = o. It should be noted however, that 


when.the results of the integration of Eq. (67) are used as influence 


coefficients to obtain the response due to the input of Eqs. (11) through 


(20) 1 only the poles at zero in the modes n = 0 and n = 2 remain and 


contribute to the long term (t-ro) solution for a-88· 


4. 
In general 


~ (r, 8, t) = I 2 + I3 + I4 + 27TiLResidues 
t:J8n 


where the residues are evaluated for the complex poles in the upper 


portion of the plane. 


Cylindrical Cavity in an ro Elastic Medium, n = 0 


(68) 


Tbe cavity is considered under a symmetric pressure loading given below: 


Urr ... a-u(t) 
0 


t7r8 
=- 0 
0 


S;yD~Detric problem 
( 69) 


We define a potential function ¢(r, t) such that 


w=¢,u=v=O 
r 
Proceeding as in the case n ; 0 


(2) D. 
¢(r1 .{l) • A0 H 
(-?) 
o 
c1 


(70) 


('{~) 
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where 


Inversion Integral for urr at any point in the field, 


0 


The transformed radial stress ;; 
becomes 
"'rr 0 


(2) £lr 
~ (2) nr l 
~o \~) - 
r 1 
(c;-) 
1 
. 
1 
(2) 
(2) 


~0 
<!> - 2Hl 
(!) 


and the stress u rr is obtained by means of the ~version integral 


ro- iy 
[ ~H ( 
2)(~) - 2a H(2) ({r)~(i{c t) 
(r t) J 
u 
~ o 
a 
r 
1 
a 
1 
d 


Urr0 
1 
= 
· 
2711{ 
~~ (2) (~) - 2H (2) (~) 
e a { 
-a>-iy 
"""-o 
'- 
1 
'- 


Inversion Integral for u88 at any point in :field 


0 


The trans:fol'lle4 hoop stress u 88 beccaes 


0 


[ 


2a H (2) (¥.) +! H (2) ~r) ] 
r 
1 
c1 
o 
c1 


{ [ 1.5!Jio (2) ({) - ~ 
(2) ({) 


and the hoop stress UfJffs obtained br means o:f the inversion integral 


(72) 


(73) 


(74) 


(75a) 


(75b) 
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Equation (76) will be inverted for the case r=a, i.e., the hoop stress 


CT8a ( t) on the boundary of the cavity: 


0 


Evaluation of the Inversion Integral 


iy 


Pole 
Pole 


X 0 
X 


CT 88 0 


(t) = I 1 + I 2 + I 3 + I4 + I 5 + 2771 L Residues 


Poles in interior 


Note : { = 0 is both a branch point and a pole. 


00 
-uct/a 
J 


e 
~ 


I 
+I 
=-2CT 
2 
2 
(2) 
(4) 


0 
u [IS_ (u) + l.5uK0 (u)J 
+ 1TT 


I3 


= - 
CT , this is the long time solution due to pole at u = o. 


I 1 = I 5 = 0 as R -ao. 


'l'.b.e denaninator of Eq. (79) yields the two simple poles A 1 and A 2 : 


Simple poles at A 1 = .4464 + .4410i 


A 2 = .4464 - 4410i 


(77) 


(78) 


(79) 


(8o) 
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and 


2vi~ Residues 


A= X1X2 
' 


!!he stress o-e e at r = a may be canputed from the relation 


0 


J 
= Eq. (V9) plus Eq. (8o) plus Eq. (81) 


o-eeo 
r = a 


(81) 


(82) 


and represents the hoop ccapression due to the applied hoop tension o-u( t) 


over the interior boundary of the cavity. The result is plotted in Fig. 7. 


From Eqs. (11) and (16), the time dependency of the applied tension 


a 
T(t) is 


:o (t) ~ ~ [ <\;•)coa-1(1 - ';,.t) + (1;•)(1 - ';,.t)~] 


(l•E) 
• o- 2 


2a 


t ~-c 


t 
2a 


~-;- 


As an example, the particular case where E • o, will be considered. 


1be value of the time derivative of the input :f'Wlction a (t) is given by 
0 


a 
,CTc1 
i (t) -~~ 


(83) 


(84) 
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* 
Setting CT = 1 1 in Eq. (82) and denoting those results as CT ee , the stress 


0 


CT ee (t) is obtained from the Duhamel integral: 


0 
. 
t 
a0 
* 
u88 (t) = J 2 (-r) u 88 (t - T' > d L 
0 
0 
0 


(85) 


The results obtained from Eq. (85) are plotted in Fig. 8 for the case n • 0. 


For long times, t----..a:> 1 the stress u88 (t) becomes a hoop compression of 


0 
cr 
magnitude - 2 • 


General Remarks--Work in Progress 


1. n = 0, 
The velocity, W 1 and pressure CTe' e 1 responses of the 
0 
o 
a 
cavity boundary have been evaluated for the pressure loading ~t). 


2. 
n = 1, 2, ••• n. 
The contribution ofu88 
of the branch integral 
n 
over paths (2) and (3) has been set up in general terms for any n and is 


a real integral of the modified Bessel Functions In and Kn. 
This integral. 


can easily be evaluated by numerical integration on a computer and work has 


been started for the modes n = 11 2. 
The problem of the determination of 


the poles of FB + DE for n = 1, 2 1 ••• is under study. 
Rather complex 


mapping procedures with available tables of H (2 ) (z) for ccmplex arguments 
n 
are required. 
The poles for n = 1 and their corresponding residues.have 


been determined (See Fig. 5). 
Work is proceeding for the mode n = 2 which 


contributes a part of the long term solution (t ... co) of the problem. 


3· 
In addition, the accelerations on the mode n = 1, due to the rigid 


body translation of the cavity, w - ve, are also being determined; these 


results will give the major shock effects felt by the installations in the 


cavity. 


It is hoped in view of the long time pressure history associated with 
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large yield weapons, that the essential contribution to the response of the 


shelter will be determined from the lower modes of n1 n = 0 1 1, 2 1 3· 
This 


cannot be definitely ascertained until the responses in the aforementioned 


modes are obtained. If the problem should turn out to be quasi-static 1 1.e. 1 


the stresses at long times control, considerable simplifications can be made 


in the analysis. 
On the other hand 1 if relatively shgrt time stresses should 


control and higher modes are of importance, it is hoped that the response for 


these higher modes will be obtained using short time asymptotic techniques in 


the inversion integrals for n ~ 3· 
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This bibliography concerns itself with certain topics which are 


pertinent to theoretical investigations of the response and failure 


mechanism of deep underground cavities subjected to a large-yield nuclear 


surface burst. It is far from complete, although only very few papers were 


found which are specifically directed at the problem of interest. Brief 


comments on same papers which are especially important are included. 


A. 
FREE FIELD PHENOMENA 


The following are standard works which include discussions on wave 


propagation: 


1. Kolsky, H., Stress Waves in Solids, Oxford University Press, 1953. 


2. 
Lamb, H., H_y_drodynamics, Dover, New York. 


3. 
Love, H. E. H., A Treatise on the Mathematical Theory of Elasticity, 
Dover, New York. 
· 


4. 
Courant 1 R. and K. D. Friedrichs 1 Supersonic Flow and Shock Waves 1 
Interscience, New York, 1948. 
(of special interest, Chapter III E 
and Appendix) 


Works which are specifically concerned with wave propagation due to 


various types of surface or interior loading: 


5· 


6. 


1· 


8. 


Broberg, K. B.J Shock Waves in Elastic and Elastic-Plastic Media, 


Stockholm, 1956. 


Lang, H. A., Surface Dis~lacements In An Elastic Half Space, The RAND 
Corporation, Paper P-1~, April 1, 1958. 


Ruth, J. H., Estimating Ground Motions Resulting From Air-Induced Ground 
Shocks, The RAND Corporation, Research Memorandum RM-1762, July, 1956. 


Cole, H. D., and. J. H. Ruth, Elastic Stresses Produced in a Half Plane 


by Steadily Moving Loads, The RAND Corporation, Paper P-884, June 1956. 


Kochina, N. N., and Melnikova, N. s. 
"Strong Point Blast in a Compressible 


Medium," Prikladnaia Ma.tematika i Mebanika, V, 2 1 1958. 
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10. Pekeris, L. L., "The Seismic Surface Pulse," Proc. National Academy 


of' Science, Vol. 41.71 pp. 469-480, 1955. 


11. 
, "The Seismic Buried Pulse" 


Vol. 41.91 pp. 629-639, 1955· 


12. 
, "Solutions of' an Integral Equation Occurring in 


ImPulsive Wave Propagation Problems," 
,Vol. 42, 


pp. 439-443, 1956. 


13. 
and H. Lifson, "Motion of the Surface of a Uniform 
Elastic Half-Space Produced by a Buried Pulse," Journal of Acoustical 
Soc. of' America, Vol. 291 1957. 


14. 
Chao, Chi-chang, 
"Dynamical Response of' an Elastic Half-Space to 


Tangential Surface Loadings 1 " Institute of' Flight Structures 1 
Colmnbia University 1 New York, ONR Proj • .NR o64-4ol. 


15. Mindlin, R. D., "Force at a Point in the Interior of a Semi-Infinite 
Solid," Physics, Vol. 11 1936. 


16. Sauter, F., "Der Elastische Halbraum be ieiner Mechanischen Beinfluissung 
Seiner Oberflaeche," Zeitschr. Angew. Math. und Mech., pp. 94-95, 1950. 


In the above list Broberg's paper (5) is a fairly complete SUJIID8.ry of' 


the whole problem of free field phenomena and of the interaction and failure 


modes of cavities. Free field solutions are discussed for impulsive surface 


loads, extensive numerical data are given for the case of an impulsive line 


load, and some data for the case of' a concentrated load. 
The papers by Lang, 


Pekeris and Cbao give various types of' closed form solutions, which may be 


expanded by numerical integrations to obtain the solution for an expanding 


surface pulse. 


B. 
CAVITIES Dl AN ELASTIC MEDIUM 


Investigations dealing with spherical and cylindrical waves of interest 


to studies concerned with the response of' cavities: 


17. 
Nishimana1 G., "On the Elastic Waves Due to Pressure Variation on the 
Inner Surface of a Spherical Cavity in An Elastic Solid, " Bulletin 
Earthquake Research Institute, Tokyo, Vol. 15, 1937, p. 614. 


18. Selberg, H. L., 
"~sient Compression Waves From Spherical and Cylindrical 
Cavities," Arkiv for Fysik, Stockholm, 1952, Vol. 51 PP• 97-lo8. 
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19. 
Sezawa, K., "Dilatational and Distortional Waves Generated from a 
Cylindrical or a Spherical Origin." 


20. 
Weibull, w., "Boundary Conditions at the Surface of a Detonating Charge 


of High Explosive," Arkive for Matematik, Astronami och F¥sik1 34 B, 
1947. 


21. 
Vanek, J., "A Contribution to the Theory of Elastic Waves Produced by 


Shock," Czechoslavak Journal of Physics, Vol. 3, 1953, pp. 97-117. 


While the results given in the above papers are of great interest 1 the 


solutions are restricted to the mode n = 0 1 with exception of Vanek's work 


which also includes contributions due to the mode n = 1, in case of a 


spherical cavity subjected to a forcing function of the formu0av tv e-at. 


The more pertinent case of a cylindrical cavity has so far apparently not 


been studied for modes higher than n = 0 1 but preliminary investigations 


show that significant contributions may be expected in the higher modes. 


C. 
EXPERIMENTAL AND TliEORETICAL WORK ON TtmNEL FAILURES AND STRESSES 
AROUND TUNNELS 


A series of experiments with HE on small scale tunnels and by means 


of photoelastic methods have been carried out in the last decade. 


22. 
O.C.E. 1 Eng. Dir., Protective Construction Branch: Final Reports-- 
Underground Explosion Tests at Pugway 1950-52. 


23. 
Colorado School of Mines: 
Report of Test Investi ation of a Model 
Tunnel Section Subjected to Scaled Detonations, June 1 9· 


24. 
, Report of Test-Photoelastic or Other 
Investigation of Model Tunnel Sections Subjected to rmpulsive Loading. 


25. 
1 "Symposium on Rock Mechanics," Quarterly 
of the Colorado School of Mines, Vo~51, No.3, 1956. 


26. 
, "An Introduction to the Design of Underground 


Openings for Defense," Quarterly of the Colorado School of Mines, Vol. 
46, No. 1, 1951. 


27. 
Lampson, C. w., Final Report on Effects of Underground Explosions, 


NRDC Report A-479 OSRD Rep. 6645, Feb. 1 1946. 


28. Johansson, c. H., "Plastic Deformation and the Formation of Cracks by 
Detonating Charges," IVA, Periodical. of Sci. Engr• Research, The Royal. 
Swedish Ac. of Eng. Sciences, Vol. 26, 1955, pp. 16-29. 
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Considerable literature exists regarding a static stress field around 


cavities in solids, effects of stress concentrations, etc., which are treated 


in many texts on •lasticity (e.g. Timoshenko: 
Theory of Elasticity). 
Two 


papers by Hiltscher, concerning the static case, are of interest because 


they discuss the effect of the shape of the openings under both uniaxial 


and biaxial stress fields: 


29. 
Hiltscher1 R., "Die Totale ZUgkraft an Oeffnungen in einem einachsigen 
Druckspannungsfeld1 " Der Bauingenieur 1 321 19571 Heft 12~ 


30. 
, "Spannungen an Tunnel Oeffnunger mit rechteckigem 
Nuz querschriitt und kreisbogenformiger Ueberwoelbung," Der Bauingenieur, 
321 19571 Heft 8. 


The problem of tunnel lining can be treated as that of an elastic 


boundary in an elastic medi\DI. 
This problem has so far been solved for an 


acoustic medium only in Baron's paper: 


31. 
Baron, M. L., "Response of Nonlinearly Supported Spherical Boundaries 


to Shock Waves.," Journal of Applied Mechanics., Bo. 57-APKL21 1957. 


No specific work on the dynamic failure meebania. around cavities seems 


to be avilable. Broberg's paper (listed· under free field phenaaena) contains 


a s~ 
of the experiJiental and the theoretical work. 
General treatment of 


the problem is contained in the following works: 


32. Bridpan1 P. w., 'l'he Pb.zsics of H;l§h Pressure, London, 1931. 


33· 
~ll"':':rr-____ , Studies in Large Plastic Flow and Fracture, McGraw-Hill, 
1952. 


34. 
P':reu4enthal1 F., The Inelastic Behavior of Engineering Materials and 
structure 1 Wiley, 1950. 
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